Terahertz Pulsed Imaging of lower gastrointestinal mucosa: an in vitro study by Reese, George Edward
 1 
Terahertz Pulsed Imaging of lower 
gastrointestinal mucosa: an in vitro study 
 
 
 
A thesis submitted to Imperial College London for the Degree of 
Doctor of Medicine (Research) 
 
 
 
 
by 
George E Reese BSc(Hons) MBBS, FRCS 
 
 
 
 
 
 
November 2014 
 
 
 
Department of Surgery and Cancer 
 
Imperial College London 
 
 2 
Abstract 
 
Medical imaging using Terahertz frequency radiation is in its infancy.  Optical adjuncts 
to enhance the diagnostic precision of white light endoscopy are not new and almost all 
wavelengths of the electromagnetic spectrum have, at some point, been investigated to 
this end.  The ultimate aim of an endoscopic technique is to identify 100% of mucosal 
lesions and to classify them with 100% specificity.   
Methods: This thesis examined the sensitivity and specificity of current technology to 
accurately identify colonic pathology using a diagnostic precision analysis of published 
data. The effect of biomaterials such as blood, mucus and faeces on Terahertz radiation 
was assessed using human tissue samples from health volunteers. The ability to 
discriminate pathological from normal colonic mucosa was assessed using terahertz 
radiation to interrogate excised samples of human colon. The physical nature of variation 
between pathological and normal colonic mucosa was assessed using histological 
markers in an attempt to identify the cause of terahertz radiation contrast. 
Results: Current technology has a sensitivity of 95% and a specificity of 78% in a non-
inflamed colon. Terahertz pulsed imaging is a sensitive and specific technique for in vitro 
classification of colonic mucosal pathology.  TPI may be a useful adjunct in the presence 
of inflamed mucosal tissue. Although there were too few data from the present study to 
quantify any potential benefit. The effects of blood, stool and mucus on TPI are similar 
but less pronounced than water.  Immunohistochemical analysis has demonstrated an 
association between vascular and lymphatic density with neoplasia.  This may be a 
mechanism for TPI discrimination of colonic pathology. 
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TPI could in the future contribute to a minimally invasive method of in vivo 
diagnosis of colonic dysplasia or malignancy.  Larger scale and in vivo trials of the 
technology are necessary to further investigate the potential clinical benefit. 
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Chapter 1 
Introduction 
 
1.1 Colorectal cancer 
 
1.1.1  Impact on deaths in the United Kingdom 
 
United Kingdom population statistics show that in 2007 (the last year for which figures 
are available), cancers and circulatory disease accounted for over 61% of all cause 
mortality. Overall, the commonest cancer in terms of mortality is lung cancer, accounting 
for 21.2% of cancer related deaths.  Colorectal cancer accounts for 10%, breast cancer 
7.6% and prostate cancer 6.6%. (Office of National Statistics, Mortality Statistics: cause, 
England and Wales 2007).  In the UK, life expectancy at birth increased during the last 
century from 48.5 years to 75.5 years for men, and 52.4 years to 80.3 years for women. 
As treatment of ischaemic heart disease improves and the general population ages, trends 
show that cancer will become the leading cause of death in the UK within the next 10 
years.  Lung cancer is the cancer most commonly associated with smoking with over 80% 
of all lung cancer deaths caused by smoking (The UK Smoking Epidemic: Deaths in 1995. 
Health Education Authority, 1998). It follows therefore that for non-smokers, colorectal 
cancer (CRC) is the leading cause of cancer death in the UK. 
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1.1.2  Aetiology 
CRC results from complex interactions between inherited susceptibility and environmental 
factors, resulting in multiple mutations within the cell that allow it to escape the growth 
regulatory control mechanisms and acquire characteristics which allow invasion. Dietary 
factors maybe responsible for a significant number of cases although this has never been 
satisfactorily quantified.(National Cancer Institute) Benign adenomatous polyps have been 
established to be the precursor for CRC in a high proportion of cases. Work by Muto et al 
in 1975 first established the progression from adenoma to carcinoma and suggested that 
cancers overtake adenomatous tissue as they invade the bowel wall (Muto et al., 1975). A 
model describing the specific genetic changes occurring during the colorectal adenoma 
carcinoma development was originally described by Fearon and Vogelstein (Fearon and 
Vogelstein, 1990; Vogelstein et al., 1988). This model known as the “Vogelgram” is 
illustrated in Figure 1.1 (page 18). It demonstrates the cumulative effect of either loss of 
genes suppressing growth or mutational over expression of genes promoting growth, 
leading to the development of cancer. 
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Figure 1.1  Vogelgram 
 
 
 
Figure 1.1 Diagram of the key genetic events in colorectal cancer tumourigenesis.  Two 
major pathways are currently accepted: A and B.  The genetic events of the traditional 
adenoma-carcinoma sequence, which 85% of tumours follow, are illustrated in A 
(Vogelgram).  The remaining 15% of tumours follow path B and exhibit microsatellite 
instability due to an alteration in a DNA mismatch repair gene.  APC = adenomatous 
polyposis coli, tumour suppressor gene; COX-2 = Cyclo-oxygenase-2; K-ras = 
oncogene; SMAD 4/2 = signaling molecules in the anti-proliferative TGF-β pathway; 
p53 = tumour suppressor gene; TGFβRII = transforming growth factor-β receptor class 
II; BAX = apoptosis regulator molecule; IGF-IIR= insulin-like growth factor receptor 
class II; E2F = cell cycle regulated transcription factor; TCF-4 = T-cell factor 4, 
transcription factor. 
 
 
i) Familial adenomatous polyposis 
Normal 
epithelium 
Hyperproliferative 
epithelium 
Early 
adenoma 
Late 
adenoma 
Carcinoma 
Metastasis 
 21 
Classic familial adenomatous polyposis (FAP or classic FAP) is diagnosed when a person 
develops more than 100 adenomatous colon polyps. FAP is an autosomal dominat inherited 
syndrome in which hundreds of colorectal adenomas develop and colorectal cancer is 
inevitable. The genetic mutation was identified by Bodmer et al. (1987) A gene on 
chromosome 5q21-22 was found to be responsible for the syndrome. Vogelstein proposed 
that alterations in this gene caused hyperproliferation preceding adenoma formation. He 
hypothesised that allelic loss at chromosome 5q was enough to produce hyperproliferation 
which when associated with alteration of a second gene is enough to initiate sporadic 
adenomas. This gene was later named the APC (adenomatous polyposis coli) gene. 
The vast majority of sporadic colorectal cancers are thought to be initiated by 
changes in the APC gene and, together with FAP cancers, accumulate the genetic changes 
shown in the Vogelgram which result in the adenoma-carcinoma progression. 
 
ii) Hereditary non–polyposis colorectal cancer and microsatellite instability 
Hereditary non-polyposis colorectal cancer (HNPCC) is also known as Lynch syndrome 
after Henry T Lynch who first identified the condition.   HNPCC is a genetic autosomal 
dominant syndrome characterised by early onset CRC (in the fourth decade compared 
with the seventh). In contrast with FAP, patients with HNPCC do not have colonic 
polyps.  Several genes have been identified that are linked to HNPCC. They include 
MLH1, MSH2, MSH6, and PMS2.  The defects are due to DNA mismatch repair and 
lead to microsatellite instability (MSI). Microsatellites are short segments of repetitive 
DNA bases that are scattered throughout the genome. MSI is defined as “a change of any 
length due to either insertions or deletions of repeating units in a microsatellite within a 
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tumour compared to normal tissue” (Boland et al., 1998) and results from a failure of the 
cell to repair errors made during DNA replication. When a group of intranuclear proteins 
known as the mismatch repair system – which is responsible for removing these errors – 
fails, then MSI develops and genes with a lot of microsatellites are particularly susceptible 
to alteration. 
 Patients with HNPCC have an 80% lifetime risk of developing CRC.  The genetic 
pathway is however different to that described by Vogelstein and this is used to explain the 
difference in clinical presentation. 
 
iii) Enviromental factors 
Several lifestyle-related factors have been linked to colorectal cancer. This was first 
demonstrated by migrant studies showing varying incidence of this disease around the 
world. Wynder et al highlighted a higher incidence of colon cancer in second generation 
Japanese immigrants to California and Hawaii than Japanese in Japan (Wynder and Reddy, 
1974). 
 Dietary factors have been implicated. A diet that is high in red meats (beef, lamb, 
or liver) and processed meats (hot dogs, bologna, and luncheon meat) can increase 
colorectal cancer risk.[Potter, 999] Methods of cooking meats at very high temperatures 
(frying, broiling, or grilling) create chemicals that might increase cancer risk, although it 
is not clear how much this might contribute to an increase in colorectal cancer risk. 
Increased intake of dietary fibre was previously thought to be associated with lower rates of 
CRC as demonstrated by Howe et al in a meta analysis of 13 studies (Howe et al., 1992). 
Although there is contradictory evidence from more recent studies by Fuchs, Alberts, 
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Schatzkin and their colleagues, which have shown no benefit or protective effect from 
dietary fibre (Alberts et al., 2000; Fuchs et al., 1999; Schatzkin et al., 2000), there is 
currently no explanation to this discrepancy. 
 High body mass index in the presence of low levels of physical activity (Slattery et 
al., 1997) and increased alcohol intake (summarised in Potter 1999) have also been shown 
to be associated with higher CRC risk. 
 Recent developments have highlighted the potential of non-dietary chemoprotective 
agents. The findings of polyp regression associated with non-steroidal anti-inflammatory 
drug (NSAID) ingestion in patients with FAP (Giardiello et al., 1993; Labayle et al., 1991) 
led to theories regarding an increase in cell death mediated through inhibition of the 
enzyme cyclooxygenase (COX) (Piazza et al., 1995). Further work has demonstrated that 
lack of the COX-2 isoform in mice corresponded to a reduction in tumours (Williams et al., 
1999). The overexpression of this enzyme in human CRC tissue has led to suggestions that 
the inhibition of COX-2 may lead to the retardation of colon cancer development (Sano et 
al., 1995). 
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1.2 Screening for colorectal cancer 
 
1.2.1  Background 
The two major objectives of a good screening program are: 1) detection of disease at a 
stage when treatment can be more effective than it would be after the patient develops 
signs and symptoms; and 2) identification of risk factors that increase the likelihood of 
developing the disease and use of this knowledge to prevent or lessen the disease by 
modifying the risk factors [Herman C,2002].  
To fulfil these objectives, a screening test and the disease it screens for must meet 
the following criteria:  
The disease in question should: 
• Constitute a significant public health problem, meaning that it is a common condition 
with significant morbidity and mortality 
• Have a readily available treatment with a potential for cure that increases with early 
detection 
 
The test for the disease must: 
• Be capable of detecting a high proportion of disease in its preclinical state 
• Be safe to administer 
• Be reasonable in cost 
• Lead to demonstrated improved health outcomes 
• Be widely available, as must the interventions that follow a positive result [AMA 
commercial screening report 2005] 
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It is understood that in the average-risk person CRCs mostly arise from larger 
polyps and that it takes these polyps, on average, 10 years before they may become 
malignant. With such a clearly visible benign precursor, which can be easily treated by 
colonoscopy and polypectomy, CRC is a very good candidate for population based 
screening. The disease therefore lends itself to screening well and being the third most 
common cancer in men and the second most common cancer in women claiming 14 
thousand lives a year in the UK it is a significant public health problem.  Therefore in 
consideration of a screening test the development of an acceptable test with no associated 
morbidity or mortality is essential.   2009 sees the rolling out of the NHS Bowel cancer 
screening program.  The population to be screened will be men and women aged 60 to 69 
and people over the age of 69 can opt in at their request.  The screening test chosen is a 
non-invasive test called faecal occult blood testing.  The program is estimated to cost £55 
million a year. 
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1.2.2  Non-invasive methods 
Fecal Occult Blood Test 
Faecal occult blood testing (FOBT) involves smearing faeces onto 2 test windows for tree 
consecutive bowel motions.  The tests used in the NHS bowel cancer screening pilot used 
a guaiac test which involves a thick piece of paper attached to a thin film coated with 
guaiac to which the faeces is added.  Hydrogen peroxide is added to the test strip and a 
colour change will occur.  If haem is present then it will catalyse the reaction and it will 
occur very quickly.  Patients must adhere to a limited diet to minimize false positive 
results. 
There are five randomised controlled trials and several systematic reviews 
including a Cochrane review to evaluate the efficacy of screening utilizing the fecal 
occult blood test (FOBT). [Kewenter J,1988; Mandel J,1993; Hardcastle J,1996; 
Kronborg O,1996; Hewiston P,2007] 
The systematic review done through the Cochrane Collaboration examined all CRC 
screening randomized trials that involved FOBT testing on more than one occasion. The 
combined results showed that trial participants allocated to screening had a 16% lower 
CRC mortality (RR = 0.84; 95% CI, 0.78–0.90). There was, however, no difference in 
all-cause mortality between the screened and control groups (RR = 1.00; 95% CI, 0.99–
1.02). Furthermore, the trials reported a low positive predictive value for the FOBT test, 
suggesting that more than 80% of all positive tests were false-positives.[Hewiston 
P,2007]  
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The English Bowel Cancer Screening Pilot, based in Coventry and North 
Warwickshire, invited men and women for screening until the pilot finished in March 
2007. 
It assessed the feasibility of introducing into the NHS a national screening 
programme for colorectal cancer based on faecal occult blood testing. The pilot took 
place in two English health authorities and three Scottish health boards. The participants 
were men and women aged 50-69 years. 
In total, 478,250 residents of the pilot areas were invited to take part in the 
screening programme. Uptake was 56.8% (n = 271 646). The overall rate of a positive 
test result was 1.9% and the rate for detecting cancer was 1.62 per 1000 people screened. 
Both these values were higher in Scotland than in England, higher in men than in women, 
and increased with age. The positive predictive value was 10.9% for cancer and 35.0% 
for adenoma. 552 cancers were detected by screening; 92 (16.6%) were polyp cancers. 
48% of all screen detected cancers were Dukes's stage A, and 1% had metastasised at the 
time of diagnosis.  There are more specific immunologic tests that are now available and 
faecal DNA tests that may become more prolific as costs reduce. 
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1.2.3 Radiologic methods 
Virtual colonoscopy – also known as computed tomographic (CT) colonography or CT 
pneumocolon – refers to the examination of computer-generated volume reconstructed 
images of the colon obtained from an abdominal CT examination. These images simulate 
the effect of a conventional colonoscopy. Patients must take laxatives to clean the colon 
before the procedure, and the colon is insufflated with air by insertion of a rectal tube just 
prior to radiographic examination.[Ferrucci J,2001]  
A recent meta-analysis analysed data from 30 studies comparing CT colonography 
with colonoscopy.[Rosman A,2007]  They reported that the pooled per-patient sensitivity 
of CT colonography was higher for polyps greater than 10 mm (0.82, 95% confidence 
interval [CI], 0.76-0.88) compared with polyps 6 to 10 mm (0.63, 95% CI, 0.52-0.75) and 
polyps 0 to 5 mm (0.56, 95% CI, 0.42-0.70).  For polyps greater than 5mm in size Video 
colonoscopy was significantly more accurate than virtual endoscopy, (0.998 ± 0.006 vs 
0.884 ± 0.033, P < .005).  They conclude that virtual colonoscopy has a reasonable 
sensitivity and specificity for detecting large polyps but was less accurate than 
endoscopic colonoscopy for smaller polyps. 
Extracolonic abnormalities are common in CT colonography. A recent review of 
extra colonic findings at CT colonography found reported incidence between 33%-
85%.[Sosna J,2005]  The incidence of major findings was reported to be between 10%-
23%.  Clearly there are significant cost implications for investigating further 85% of 
patients undergoing screening with CT colonography, however the clinical value for this 
cost is not clear from the literature as many papers to not comment on the outcome of 
detecting incidental pathology. 
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1.2.4  Endoscopy 
The first complete colonoscopy was reported in 1971 by Wolf and Shinya.  Since the 
there have been a great many refinements in the colonoscope resulting in the video 
endoscope in the 1980s. The modern colonoscope uses an external light source 
transmitted via fibre optic cables and captures images using a charge coupled device 
(CCD) at the end of the endoscope.   It also has the ability to be angled in four directions, 
has a suction/insufflation and irrigation capability and has a biopsy channel for insertion 
of instrumentation.  
The development of screening programs for colorectal cancer and the associated 
increase in public awareness of the disease has lead to a boom in research into colonic 
imaging over the past 10 to 15 years.  There are three main areas of colonic imaging that 
have been identified as requiring optimisation.   
Firstly, technical improvements in the colonoscope to allow for higher caecal 
intubation rates. These have centred around adjusting shaft rigidity [Howell DA 2003, 
Raju GS 2004] and 3D localisation of the endoscope in situ eg, magnetic endoscope 
imaging system.[William C 1993, Bladen JS 1993] Simulators are also becoming an 
important tool in training the new colonoscopist.[Freeman ML 2001]  
Secondly, optical adjuncts to maximise detection rates, to guide biopsies, and possibly 
even to replace tissue biopsies.  It has been reported that flat adenoma detection rates 
with standard colonoscopy are between 20-50%.[Ransohoff DF, 1985] 
Thirdly minimally invasive imaging such as MRI colonography and CT 
colonography sometimes termed virtual colonoscopy.    These techniques may become 
particularly useful when absolute risk remains low and therefore the associated morbidity 
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of a colonoscopy becomes unacceptably high, eg. In an asymptomatic population based 
screening program. 
 
 
 
 
1.3 Optical properties of tissue 
 
 
Imaging modalities are differentiated in the manner in which the interrogating radiation 
interacts with matter. The phenomena that influence how light interacts with tissue are 
absorption, scatter and refraction. The phenomena presented in the following sections 
describes how the radiation interacts with ‘bulk’ tissue, which is defined as a large mass 
of similar physical properties. Descriptions of the methods of interaction of radiation with 
tissue molecules are described in Section 1.4. 
 
    
 
Figure 1.2  Interaction of electromagnetic radiation with tissue 
 
 
Absorption
Scatter
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1.3.1 Absorption 
The absorption of light by a medium, as illustrated in Figure 1.2 results in a loss of 
transmitted intensity. The absorption of photons in a non-scattering medium is described 
by the Beer-Lambert law. This law states that for a uniformly absorbing compound, the 
attenuation of the intensity is proportional to the concentration of compound in solution 
and the distance travelled by the radiation and the specific extinction coefficient of the 
absorbing compound.  
 
 
1.3.2 Scatter 
Scatter, as demonstrated in Figure 1, is the change in direction of travel of a particle in a   
medium. Scatter has the effect of significantly increasing the pathlength travelled by the 
photon which, in turn, increases the likelihood of a photon being absorbed. The path 
length travelled is random and the direction of scatter is dependent on the size of the 
scatter, the wavelength of light and the refractive indices of the media through which it is 
travelling. 
 
1.3.3 Refractive Index 
Refraction is the bending of light as it travels from one material to another and occurs as 
the light travels at different speeds through the different materials.  
The refractive index (n) of a material is the factor by which the velocity of 
electromagnetic radiation is slowed in the material (v) relative to the velocity in a 
vacuum, the speed of light (c). 
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Refractive index (n): 
 
 (1) 
 
 
Refraction occurs when light is incident at a non-normal angle, θi, on a boundary of 
two media with different refractive indices. The light is refracted and will change 
direction to emerge at angle θr. 
 
 
 
Figure 1.3  The behaviour of light at a boundary between two media with different 
refractive indices 
 
 
The refractive indices of some biological relevant compounds vary from 
approximately 1.33 for water to 1.55 for fat and protein solutions (Bennett et al 1951) 
while the refractive index of tissue is considered to be 1.4 for most tissue types. 
cn
v
=
θi
θr
ni
nr
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1.4 Spectroscopy 
 
 
Spectroscopy is the study of the molecular or atomic structure of a material by measuring 
and interpreting the interaction between an interrogating radiation and the sample as a 
function of wavelength. The spectrum of electromagnetic radiation spans from low 
frequency, low energy radio waves which have long (thousands of km) wavelengths to 
high frequency, high energy gamma rays which have very small (10-12m) wavelengths. 
The manner in which the radiation interacts with the imaged matter varies across the 
whole spectrum. Spectroscopy in the NIR and THz ranges are in the mid spectrum region 
where interactions probe molecular bonds as shown in Figure 1.4; NIR spectroscopy 
probes the vibrational modes in the sample while THz radiation, lying in between 
Infrared and Microwave, is in the range where vibrational modes as well as rotational 
modes are excited. NIR spectroscopy of tissue probes bulk properties such as absorption 
and scattering. THz spectroscopy of tissue is dependent on the interaction of radiation 
with intermolecular bonds such as strong hydrogen bonds or weaker van der Waals 
forces. THz spectroscopy can be separated into rotational spectroscopy (predominantly in 
the gas phase) and vibrational spectroscopy (predominantly in solids and liquids) 
(Mittleman (2003)). 
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Figure 1.4  Molecular interaction across electromagnetic spectrum (Nave (2007)) 
 
 
 
1.5 Advances in optics and endoscopy 
 
1.5.1 Chromoendoscopy 
First described by Kudo et al. in 1996 chromoendoscopy utilises a white light or 
magnifying endoscope and a contrast enhancing dye such as indigo carmine or methylene 
blue.  In the unstained mucosa, the detection of small or flat polyps is difficult with little 
visual clues to highlight the abnormal from the normal.   The simple and inexpensive 
addition of a contrast dye that accumulates in crevices and concave areas helps to 
determine the boundary of a lesion and to determine its topography. The combination of 
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dye spraying and magnification endoscopy allows previously identified lesions to be 
characterised further with regard to their histological status.  There has been an East West 
divide in the uptake of chromoendoscopy.[Eisen G,2004]  The Japanese have favoured 
this technique and have discovered a relatively high miss rate for small and flat colonic 
adenomas. [Tsuda S,2002; Togashi K,2004]. Initial European and North American 
scepticism proved unfounded as more recent studies have shown that Japanese 
endoscopists are able to detect the same ‘missed’ small and flat lesions in western 
populations as are western endoscopists mentored by enthusiasts.[Hurlestone D, 
2002;Saitoh Y, 2001; Togashi K, 2004]  This finding reflects a relatively long learning 
curve for chromoendoscopy. 
The exact techniques deployed for chromoendoscopy vary in the literature.  
Particularly the degree of magnification, if any and the concentration of appropriate dye, 
usually Indigo Carmine.  Strengths between 0.1 and 0.4% are typical.  Mucolytics may 
also be used prior to spraying dye to optimise the staining.[Liu H,2003] 
Dye spraying chromoendoscopy has been shown in RCTs to improve adenoma 
detection rates for polyps greater than 5mm.[Brooker J,,2002]  A similar randomised 
study by Lapalus et al. 2006 failed to show this increased detection rate except for small 
adenomas in the proximal colon 12% vs 23% (p=0.039) 
In the slightly specialised case of Inflammatory bowel disease there is an added 
problem of detecting dysplastic lesions on a background of inflammation.    
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Trecca et al in 2004 reported 995 consecutive patients with risk of colonic 
dysplasia who were examined by a single endoscopist and compared the results of 
conventional endoscopy versus chromoendoscopy (indigo carmine) and magnifying 
endoscopy. They found 202 protruding, 99 flat, and 5 depressed lesions with standard 
white light endoscopy. The addition of Indigo carmine dye revealed neoplastic patterns 
not found at conventional endoscopy in 127 patients, suggesting increased accuracy in 
the detection of nonpolypoid lesions using chromoendoscopy. Kiesslich et al in 2003 
compared conventional colonoscopy with biopsies every 10 cm on withdrawal versus 
chromoendoscopy with 0.1% methylene blue and magnification and the same biopsy 
protocol. Chromoendoscopy identified 35 areas of dysplasia or cancer in 13 cases 
compared with 11 in 6 cases in the conventional group. Three cancers were detected in 
the chromoendoscopy group verses one cancer in the conventional group. All papers 
reported that dye spraying was associated with a slightly longer time for the procedure 
and the diminutive <5mm were noted to be more common in the right colon. 
The ability of magnifying chromoendoscopy to diagnose lesions as benign or 
malignant relies on the modified Kudo classification of mucosal pit patterns. (Fig.1.5)  
Polyps are classified as benign hyperplastic lesions if they are class 1 or 2 and are 
considered to be neoplastic if they are class 3 or greater. The accuracy reported varies 
between 70% and 90% and is the subject of further study in Chapter 3. The assumption is 
that if the polyps are hyperplastic, they do not behave in a malignant manner and need 
not be removed. This does not take into account the potential for an adenoma to arise 
within a hyperplastic polyp which has been reported. [Goldstein, 2003] 
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Figure 1.5  Modified Kudo classification 
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1.5.2  Narrow band imaging 
NBI is an optical filter technology that radically improves the visibility of capillaries, 
veins and other subtle tissue structures, by optimising the absorbance and scattering 
characteristics of light. NBI uses two discrete bands of light: One blue at 415nm and one 
green at 540nm. Narrow band blue light displays superficial capillary networks, while 
green light displays sub-epithelial vessels and when combined offer an extremely high 
contrast image of the tissue surface.  
 
 
Fig 1.6  Blue and green light for capillary and sub-epithelial vessel characterisation 
in NBI 
 
 
 
The narrow band imaging (NBI) feature operates with the switch of a button at the 
control body of the endoscope. The narrowed light penetrates primarily the mucosa and 
submucosa and is absorbed primarily by haemoglobin. Thus, surface microvessels are 
visible as brown structures and subsurface veins are visible as a cyan colour.[Gono K, 
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2004] As the density and shape of microvessels change in neoplasia, NBI has the 
potential to aid the endoscopist in the diagnosis of neoplasia.[Machida H,2004] 
Seven studies report data on the diagnostic accuracy of NBI in the colon. (Chapter 
3) Only two full study report data on the detection rates of diminutive adenomas using 
NBI.  [Kaltenbach T, 2008; Adler A,2008] The first reported 276 tandem colonoscopies 
with NBI and white light and a second white light colonoscopy as a reference.  The 
outcomes were that NBI did not improve the colorectal neoplasm miss rate compared to 
white light; the miss rate for advanced adenomas was less than 1% and for all adenomas 
was 12%. The neoplasm detection rates were similar high using NBI or white light. The 
second found that NBI increased the detection rate, with a new adenoma detected for 
every 17 colonoscopies performed (n=400) however this was a non significant finding.    
In contrast the data for lesion characterisation shows that NBI is faster than 
chromoendoscopy and that it has a similar specificity and sensitivity. This is analysed 
further in chapter 3. 
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1.5.3  Optical coherence tomography 
OCT is a noninvasive technique producing high-resolution, cross-sectional images of the 
internal microstructure of the colon, in situ and real time. OCT imaging uses low-
coherent interferometry or white light interferometry to measure backscattered light. 
When incident light meets tissue interfaces, such as tissue layers or planes and particles, 
some of the light is scattered back and detected using a probe in a manner analogous to 
ultrasound.  The images are generated from measuring the echo time delay and the 
intensity of backscattered light; though the characteristics of OCT images depend upon 
the optical properties of tissue, such as the absorption, the scattering coefficient 
Compared with high-frequency endoscopic ultrasound, which has a resolution of 
approximately 100 µm, current endoscopic OCT prototypes have resolutions of 
approximately 4 to 20 µm, thereby permitting identification of microscopic features such 
as villi, glands, crypts, lymphatic aggregates, and blood vessels.  
The median depth of penetration for the technique is around 2–3 mm in the 
colon.[Familliari L,2006] The compromise between the resolution and the depth of 
penetration is related to the distance between the probe and the tissue being imaged. If 
surface detail is required then direct contact of the probe on the mucosa should be 
avoided; whereas the probe should be held steadily against the surface when the subject 
material is submucosal. [Sivak M,2000] 
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Working distances smaller than roughly 1 mm from the tissue surface provide 
adequate focus, and some compression artifacts may be seen with probe-tissue contact. 
Imaging can be performed through air, without the need for water coupling as used in 
ultrasound. Although OCT images can currently be obtained as fast as four frames per 
second, avoiding motion blurring.  This technique has been referred to as an optical 
biopsy and is illustrated in Figure 1.7 (below). 
 
 
Figure 1.7  Photographic illustration of normal colon at endoscopy, OCT  
and histology 
 
 
Figure 1.7: (A) Endoscopic, (B) in vivo optical coherence tomography (OCT), and (C) 
histological imaging of the normal colon. In B: C = crypts; MM = muscularis mucosae; 
SM = submucosa. [Familliari L,2006] 
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Most publications on OCT in the gastrointestinal tract have involved ex vivo tissue 
studies [DaCosta R, 2004]. However there is a commercially available endoscopic probe 
and invivo studies are emerging. 
Pfau et al. 2003 obtained OCT images of colonic polyps and normal colon in 24 
patients. They compared tissue microorganization and light scattering with histology and 
concluded that endoscopic OCT could differentiate adenomas, hyperplastic polyps, and 
normal colon in real time. 
Subsequently the development of new high speed lasers has allowed real time 3D 
OCT.  In vivo experiments have been carried out in rabbits and an example of the 3D 
volume rendering is displayed in Figure 1.8 (below).  [Adler D, 2007] 
 
 
 
Figure 1.8  OCT pictures 
 
 
Figure 1.8: (a) Single radial frame acquired in 20 ms. Inset shows enlarged view of 
epithelium, with crypt indicated by a red arrow. (b) Cutaway view of the rendered 
volume. (c) Unfolded data set showing the cylindrical volume as a rectangular tissue slab. 
The entire volume was acquired in 17.7 secs. 
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1.5.4  Raman spectroscopy 
Spectroscopy refers to the interaction of light with matter.  Incident light is affected by 
the subject matter and this interaction can be measured as a function of the wavelength, 
frequency or energy. Raman spectroscopy takes advantage of the unique vibrational and 
rotational energies in molecular bonds within tissue. Raman point spectroscopy can 
measure these bond energies by the inelastic scattering of near-infrared light 
(approximately 700 to 1300 nm).[Stone N,2004] The direct relationship between the 
Raman spectra and the chemical composition of a subject tissue means that with a large 
enough reference data set a subject can be accurately identified by its unique Raman 
spectral signature.  Measurements can be made of excised tissues, but more recently in 
vivo Raman spectroscopy has become possible. [Molckovsky A,2003] The first in vivo 
studies using Raman spectroscopy for differentiation between normal colon and 
hyperplastic and adenomatous polyps have reported 100% sensitivity, 89% specificity, 
and 95% accuracy. The spectra were collected with specially designed fiberoptic probes 
and were subjected to a variety of spectral analysis algorithms to determine the optimal 
diagnostic values. 
The major limitation of this technique is that only a very small tissue volume is 
imaged and as the acquisition time is relatively long the potential for movement artefact 
is high. If a faster image acquisition is possible then the high specificity of this technique 
may prove worthy of further research. 
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1.5.5  Fluorescence spectroscopy 
Fluorescence is the phenomenon whereby incident light hitting a fluorophore will return 
light of a longer wavelength.  Fluorescence spectroscopy therefore is applying the 
knowledge of fluorescent properties of compounds to develop spectral signatures that 
will allow a subject to be identified by its fluorescent spectral signature.  All tissues 
produce autofluorescence (AF) when illuminated by ultraviolet (<400 nm) or short 
visible light (~400 to 550 nm). This emitted longer wavelength light is emitted from a 
variety of biomolecules ("fluorophores") that are distributed in varying concentrations in 
the different layers of the colon. The majority of fluorescent light is emitted by the highly 
collagenous submucosa, which fluoresces green.[East J,2007] Different excitation 
wavelengths activate different groups of fluorophores, each emitting light at a range of 
different wavelengths. The ability of tissues to fluoresce is also dependent on the 
absorption coefficient of the tissues.  Haemoglobin is highly absorbent to visible and 
ultraviolet light and limits the penetration of radiation at these wavelengths.  Thus the 
ability of fluorescence to detect neoplasia relies on changes in the structure and chemical 
composition of the tissue such as neovascularisation, hyperchromasia and fibrous change. 
The exact contrast media in the subject tissue will change with the wavelength of light 
used for excitation. 
White light, ultraviolet and blue light auto fluorescence at endoscopy have been 
reported.  [Cothren R, 1990 and 1996; Mayinger B,2003]  The early white light studies 
showed promise but were confounded by chronic inflammation in IBD. Ultraviolet light 
produced sensitivity and specificity of 90% and 95% for differentiating adenomas from 
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benign colonic mucosa.[Cothren R, 1996]  Blue light excitation was reported to be abl to 
detect adenomas with a sensitivity and specificity of 98% and 89%.[Mayinger B, 2003] 
The major disadvantage to auto fluorescence is that as with all point spectroscopy 
the volume of tissue that can be imaged is small.  This limitation has been largely 
overcome by the development of light induced fluorescent endoscopic imaging. 
(LIFE)[Dacosta R, 2003;Haringsma J,1998;Tunnell J,2003] 
This technique switches rapidly between white light endoscopy and fluorescence 
usually with blue light.  This allows a pseudofluorescence to be displayed overlayed on 
the video endoscopy image.  This has been used to highlight dysplastic areas for biopsy 
or point spectroscopy.[Dacosta R, 2004] There have been reports of false positive results 
from exogenous fluorophores in bacteria and stool and areas of inflammation continue to 
hamper diagnostic accuracy. 
There are to date three commercially available LIFE systems. LIFE-GI system 
from Xillix Technologies Corporation (Canada), the D-Light system from Karl Storz 
(Germany), and the Auto-Fluorescence Imaging (AFI) system from Olympus Optical 
Corporation (Japan).   Research continues to evaluate the relative usefulness of this 
technique compared with simple available methods such as Chromoendoscopy. 
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1.5.6  Light scattering spectroscopy 
Light scattering spectroscopy also known as elastic scattering spectroscopy is based on 
the reflectance spectra of white light(400 to 700nm).  This spectroscopic technique does 
not rely on a change in energy level in the reflected light which would imply a change in 
wavelength, but rather on the degree of scatter.  This is related to the refractive index of 
the tissue being studied.  Tissues of higher density have a higher refractive index.  
Boundaries between different tissue densities cause the greatest scatter.  The scatter is 
also related to the wavelength of incident light.  The more similar the wavelength to the 
size of the particles, the greater the scatter returned.  Therefore the principal of this 
technique is to take advantage of the denser more crowded nuclei of malignancy as a 
contrast medium.  Thus a scatter spectrum from colon tissue would contain information 
relating to the changes in nuclear size, pleomorphism and concentration of 
chromatin.[Backman v,200;Ge Z,1998;Mourant J, 1996] 
LSS measurements are performed with fiberoptic probes placed on the tissue 
surface through the endoscope, detecting the relative intensity of backscattered photons. 
The main disadvantage is that only a point eqivalent to a fibreoptic can be imaged at one 
time. [Backman V,2000;Bohorfoush A,1996]  Therfore although light source and spectral 
detector are inexpensive nd readily available the technique is cumbersome.   Only one 
study of light scattering spectroscopy is reported in invivo colon.  45 patients were 
assessed at colonoscopy.  Samples were taken from 138 sites and compared with 
histology. The sensitivity and specificity was 84% and 84% differentiating adenomas 
from hyperplastic polyps and 80% and 75% for differentiating cancer from adenoma.  
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There are developments in light scattering techniques that may make it a more 
useful clinical tool.  [Badizadegan K,2004] Light scattering spectroscopy has been used 
to image areas up to 2cm2 of excised colon. The resultant images depict size distribution 
and chromatin content of cell nuclei. This study reported nuclear differences between 
normal colon and adenomas but was only a pilot study. 
 
 
1.5.7  Confocal spectroscopy 
Confocal microscopy is not a new technique. However the application to endoscopy is 
relatively recent. This technique images autofluoresence, fluorescence from exogenous 
fluorophores and reflected light.  The image is formed by a laser point scanning device 
and the images are high definition fluorescent optical slices through the tissue.  Varying 
the focal point of the laser allows images at different depths to be captured. Three-
dimensional fluorescence images can then be created to reveal "histology-grade" 
micromorphologic and physiologic details. Image upto depths of approximately 100 to 
300 µm are possible using blue excitation light (ie, 440 to 500 nm). [McAulay C, 2004] 
Two commercial prototypes have been reported for in vivo use in the colon, 
comprising a probe that can be passed through the accessory channel (Fluoview, 
Olympus, Tokyo[Inoue H, 2003] and a probe that is fixed into a conventional endoscope 
(Optiscan, Victoria, Australia; and Pentax, Japan) [Keisslich R, 2004]  
The first large-scale colonic study was reported by Kiesslich et al in 42 patients. 
Neoplastic changes were predicted with a sensitivity of 97.4%, a specificity of 99.4%, 
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and a diagnostic precission of 99.2%. The abnormal areas of colon were first detected 
with chromoendoscopy. 
The main disadvantages to this technique are the need for topically applied or 
intravenously delivered fluorescent dyes for contrast, image degredation by surface 
mucus or faecal residue and a lack of control of probe placement in the colonic lumen 
due to the normal movements of living bowel.  
 
   (a)  (b) 
 
    Figure 1.9  Confocal microscopy of the human colon 
 
 
 
Figure 1.9: Image produced from OptiScan confocal endomicroscopy system. (a) shows 
a single optical section of the human descending colon in vivo following intravenous 
administration of fluorescein sodium (left). The image (500 µm field of view) shows 
well-defined and ordered crypts projecting onto the surface of the colonic mucosa. (b) A 
corresponding histology image was collected en face from a biopsy section of tissue 6 
µm thick (right). (OptiScan) 
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1.6 THz spectroscopy 
 
 
1.6.1 Rotational mode spectroscopy 
Rotational spectroscopy is concerned with the analysis of spectral lines of absorbed and 
emitted electromagnetic radiation from molecules. A typical rotational spectrum consists 
of a series of peaks that correspond to energy levels within a molecule. Pure rotational 
spectra can only be observed in the gaseous phase as in solids or liquids the rotational 
motion is usually hampered due to collisions. A molecule must be a polar molecule to 
exhibit rotational spectra, ie. there must be a separation between two unlike charges on 
the molecule. The electric field of a pulse of THz radiation exerts a torque, as shown in 
Figure 1.10, on the molecule causing it to rotate more quickly, i.e.: accelerate. After the 
pulse, the molecule decelerates and an associated change in the molecules energy can be 
detected by a THz detector. A non polar molecule will not usually show a rotational 
spectrum. However, electronic excitation can lead to a charge disturbance in some 
molecules, allowing them to exhibit polar behaviour. 
 
 
 
Figure 1.10  Rotating polar molecule (Atkins (2002)) 
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1.6.2 Vibrational mode spectroscopy 
 
Chemical bonds within compounds and molecules have specific frequencies at which 
they vibrate.   These frequencies correspond to energy levels within the molecule. The 
vibrational frequencies are related to the strength of the bond, and the mass of the atoms 
at either end of it, therefore the vibrational frequency is associated with a particular bond. 
Water molecules can vibrate in six different ways as shown inFigure  1.11. From Figure 
1.11, (1) demonstrates symmetrical stretching where bonds stretch in unison, (2) 
asymmetrical stretching where bonds stretch in opposing directions (3) scissoring where 
there is simultaneous movement together and apart (4) rocking where there is 
asymmetrical movement forwards and backwards (5) wagging where there is symmetrical 
movement forwards and backwards and (6) twisting where there is symmetrical 
movement of the bonds side to side.[Atkins 2002] Symmetrical and asymmetrical 
stretching and bending are molecular vibrations and rocking, wagging and twisting can be 
thought of as restricted molecular rotations. 
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Figure 1.11 Vibrational modes within a water molecule 
 
 
1.6.3 Terahertz Medical imaging 
 
THz imaging is still in its infancy: imaging for medical applications only became viable 
in the mid 1990’s, and is used in three principle areas; chemical spectroscopy for 
pharmaceutical companies, safety measures for airports, and medical imaging. The 
applications for the former two are well developed while the applications within medical 
imaging are only just emerging. In contrast to white light and NIR imaging, THz 
radiation is heavily absorbed by water, one of the main constituents of tissue, which 
results in penetration depths in tissue ranging from a few hundred microns to several 
1 2
3 4
5 6
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centimetres depending on tissue type (Fitzgerald et al (2005)). This sensitivity to water 
has provided the contrast mechanism when imaging tissues with differing water contents, 
for example healthy and malignant skin and breast tissue [Fitzgerald A 2006; Wallace 
V,2006](Fitzgerald et al (2006)).  The study performed to image breast cancers was an 
exvivo study scanning resected breast cancer specimens and comparing the images with 
histology.   Twenty two specimens were imaged and they were able to show a correlation 
between the areas defined as malignant on H&E staining and the terahertz image with a 
correlation R-squared value of 0.82 (p<0.001).[ Fitzgerald A 2006]  There have been 
studies using terahertz imaging to image wax embedded formalin fixed 
samples.[Knobloch P, 2002;Loffler T,2002;Berry E,2004]  They were able to 
differentiate malignant and benign tissue even in this dehydrated state.  The implication 
of this is that although water is undoubtedly responsible for much of the contrast between 
subjects, it cannot be the only factor.  It is likely that in a manner similar to other 
spectroscopic techniques tissue density, architecture and proteins are also contributory 
factors. 
To date there have been no studies examining the ability of terahertz imaging to 
detect colonic pathology. 
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Table 1.1 Summary of technology used for optical biopsy 
 Wave 
length 
Penetration Axial 
resolution 
Summary 
Optical 
coherence 
tomography 
near infra 
red 
1300nm 
2-3mm 15 Analagous to ultrasound image formed by 
using echo time delay interferometry 
Confocal  440-
500nm 
100-
300µm 
3.5 Laser light with different focal points 
produces a 3D autofluorescence 
 Raman 
(inelastic 
scattering) 
700- 1300 
nm 
>1mm 1.7 Laser light interacts with molecular 
vibrations to give a unique molecular 
signature 
Fluorecence 400~550n
m 
225µm 33nm ultraviolet light produces 
autofluorescence. different wave lengths 
allow identification of a fluorescent 
signature 
Elastic light 
scattering 
400 - 
700nm 
<1mm 5 The degree of scatter is related to the 
refractive index of the tissue. 
Visible light 400-
700nm 
~50 µm 4.2 µm High definition magnified images allow 
for crypt architecture pattern analysis. 
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Chapter 2 
General materials and methods 
 
 
2.1 Patients 
 
The protocols for specific laboratory studies are described within the relevant chapters. 
To avoid repetition, this chapter covers the methodology which is common to all the 
clinical studies. 
 
       2.1.1 Patient recruitment 
The patients who took part in the following studies were all prospectively recruited from 
surgical outpatient clinics and multi-disciplinary team meetings. Inclusion criteria were 
simply a planned large bowel resection for CRC. The diagnosis of CRC was made on 
either histology or clinical and radiological follow up. Radiological follow-up consisted 
of computerised tomographic colonography (CTC) or virtual colonoscopy (VC).  
In order for the studies to be conducted, approval was obtained from the Ethics 
Committees of Imperial College London (ICL) and Imperial College London Healthcare 
NHS Trust (Appendix A). 
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The patient data set were stored within a DellTM personal computer using 
Microsoft ExcelTM software. The data were handled in accordance with the Data 
Protection Act and comprised the patient’s: 
 
i) Name 
ii) Age  
iii) Date of birth 
iv) Date of surgery 
v) Operation 
 
At no time did investigations relevant to this thesis hinder the routine process of 
clinical investigation and treatment of these patients.  
   
   
   
2.2 Tissue preparation 
    
At the time of surgery resection specimens were retrieved as they were excised and were 
taken unfixed to the department of histopathology.  The specimens were opened in the 
presence of a consultant histopathologist and a region surplus to routine diagnostic 
requirements was identified.  Resection specimens with tight annular lesions or small 
tumour areas were rejected for the study to prevent any interference with prognostic 
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information from routine histological examination.  A minimum of one pair of normal 
and diseased specimens were retrieved.  Specimens were cut to include 1cm square of the 
mucosal surface and to include the submucosa.  Full thickness specimens were not cut.  
The resection specimens were then fixed and the samples were placed in sealed universal 
containers to minimise dehydration.  The samples were scanned immediately on retrieval.   
Scanned samples were then fixed in 10%formal saline for a minimum of 24 hours prior to 
sectioning for histological analysis.   
The fixed specimens were marked with Indian ink to aid in orientation with the 
imaged specimen and were photographed.  The samples were then sliced perpendicular to 
their long axis at 2mm intervals.  The slices were individually placed into cassettes and a 
schematic diagram or printed photograph was marked with the location of each slice.  
The cassettes were then immersed in wax for wax embedding of the sliced sections and 
slides were prepared from the blocks created.  The slides were stained with haemotoxylin 
and eosin. 
 
 
2.2.1 Histological assessment 
The slides were analysed by two consultant pathologists and regions were marked on the 
photomicrograph or the schematic diagram of the intact specimen to indicate histological 
diagnosis by region. 
Immunohistochemistry was performed on selected slides that were reported as a uniform 
pathology, ie all normal, all cancer or all dysplasia.  The stained slides were then 
analysed using NIS-Elements Basic Research software.  High power digital images of the 
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slides were created using an Olympus BX50 microscope and a Nikon DS-2Mv camera.  
The entire slide image was captured at 40x magnification using an Applied Imaging Corp 
Ariol high throughput automated image analysis system  
 
CAM5.2, CD31, D240, DPAS, MT and SR stains were used. The Antibody stains 
were optimised using a commercially available positive and negative controls. 
Each special stain was selected based on association with tissue water content.  
Several 5mm-thick sections were cut from each paraffin embedded colorectal 
cancer block.  Sections were dewaxed in xylene and rehydrated through graded 
concentrations of alcohol. Tissues were then stained using previously published 
ABC methods, briefly: 
1.  Paraffin section to water and rinse in PBS-Tween 20 for 2x2 min. 
2. Antigen Retrieval: perform antigen retrieval using IHC-TekTM Epitope 
Retrieval Solution. 
3. Serum Blocking: incubate sections in normal serum – species same as 
secondary antibody.  
4. Primary Antibody: incubate sections in primary antibody at appropriate dilution 
in IHC-TekTM Antibody Diluent for 1 hour at room temperature or overnight.  
5.  Rinse in PBS-Tween 20 for 3x2 min. 
6. Peroxidase Blocking: incubate sections in peroxidase blocking solution for 10 
minutes at room temperature.  
7.    Rinse in PBS-Tween 20 for 3x2 min. 
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8. Secondary Antibody: incubate sections in Biotinylated secondary antibody in 
PBS for 30 minutes at room temperature. 
9.  Rinse in PBS-Tween 20 for 3x2 min. 
10. Detection: incubate sections in ABC-Peroxidase Solution for 30 minutes at 
room temperature. 
11. Rinse in PBS-Tween 20 for 3x2 min. 
12. Chromagen/Substrate: incubate sections in peroxidase substrate solution. 
13.   Rinse in PBS-Tween 20 for 3x2 min. 
14. Counterstain with counterstain solution if desired. 
15.    Rinse in running tap water for 2-5 minutes. 
16.    Dehydrate through 95% ethanol for 1 minute, 100% ethanol for 2x3min. 
17.    Clear in xylene for 2x5min. 
18.   Coverslip with mounting medium. 
 
2.3 Terahertz Scanning       
  2.3.1 Terahertz Pulsed Imaging 
The TeraView TPI (Terahertz Pulsed Imaging) scanner, 
Figure 2.1, is a stand alone portable THz scanner produced by TeraView Ltd, Cambridge. 
The system consists of a THz pulse generation system, an imaging/spectroscopy unit, and 
a THz pulse detection system and computer control. The TPI scanner interrogates 
samples in a manner analogous to ultrasound.  The terahertz pulses are bounced off the 
subject material and the reflected signal is detected by a receiver in the system.  TPI has a 
spatial resolution in the submilimeter range.  Therefore definition of images is not 
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subcellular. The spatial distribution of the THz signals allow for depth information about 
structures within the sample while frequency distributions of the THz sample provide 
spectroscopic information regarding the chemical composition of the sample. 
 
 
 
Figure 2.1  The TeraView TPI scanner 
 
 
 
The TPI system uses photoconductive devices to generate THz radiation as shown 
in Figure 2.2. A photoconductive emitter consists of a small piece of semiconductor 
crystal (commonly gallium arsenide), on which two planar metal electrodes, whose 
geometric design is that of an antenna, support a large electric field across its surface. 
Ultrafast (≅100 fs) pulses of light are then focused onto the gap between the electrodes at 
infrared wavelengths (a Ti:Sapphire laser with a central wavelength of 800 nm); the 
photon energy of the 800 nm light is above the band gap of the gallium arsenide 
semiconductor. The photogenerated electron–hole pairs excited near the crystal surface 
rapidly change the conductance (effectively closing the optical switch). Application of a 
bias accelerates the electron-hole pairs and leads to a rapid change in the current density. 
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The changing dipole produces a THz transient in the antenna that is radiated into free 
space. The shape of the pulse and hence the frequency distribution depend on the design 
of the antenna. Detection is via a photoconductive receiver which operates in reverse to 
the photoconductive emitters. 
 
 
 
 
Figure 2.2  Schematic diagram of THz generation using a photoconductive switch 
 
 
 
The TPI imaging system is illustrated Figure 2.3. THz pulses were generated as 
previously described. A beamsplitter separates the laser light into two beams, an 
excitation beam and a detection beam. The THz pulses are collimated and focused onto 
the top surface of a z-cut quartz window by a pair of off-axis parabolic (OAP) mirrors. 
The sample under investigation is placed onto the quartz window. The THz pulses 
reflected from the sample are re-collimated using another pair of OAP mirrors and 
focused onto a photoconductive receiver on which the detection beam is also focused. By 
sweeping the optical delay through the entire THz pulse at a rate of 15 Hz, the time-
domain waveforms are obtained. The data collected at a single focal point from the 
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sample are analogous to an a-scan in ultrasound. Thus, by scanning the spot in a line a b-
scan is formed and over an area a c-scan. To do this the entire THz optics, indicated by 
the dashed box, and hence the THz beam, can be raster-scanned in the x–y plane. The 
time resolution is approximately 200 fs, which is limited by the laser pulse. The system 
gives a usable frequency range 0.1–4 THz with an average power of approximately 
100nW. The signal-to-noise ratio is approximately 4000:1. 
 
 
 
 
Figure 2.3 Schematic diagram of the photoconductive reflection system 
 
 
 
2.3.2 ScAnalyze 
The TPI system has a dedicated image reconstruction package entitled ScAnalyze© 
which allows for the manipulation of images in both the time and frequency domains as 
shown in Figure 2.4. 
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Figure 2.4 Front end of TeraView TPI ScAnalyze software 
 
 
 
Images generated using the ScAnalyze package utilise the wide range of information in 
the measured THz pulses. Figure  shows a typical THz pulse as detected by the TPI 
system. The terms Emax and Emin are the maximum and minimum amplitude of the 
received signal at each pixel, respectively. 
 
           
 
Figure 2.5 Typical THz pulse (Mittleman (2003)) 
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Figure 2.5: The time plot shows the instrument response, and changes in value in the 
electric field in this domain describe the travel by the THz pulse through mediums with 
differing refractive indices. A negative response (dip in the plot) indicates a reflection of 
the pulse at a boundary where the pulse is travelling from a medium of lower refractive 
index to a medium of higher refractive index. A positive response (peak in the plot), 
therefore, indicates a reflection of the pulse at a boundary where the pulse is travelling 
from a medium of higher refractive index to a medium of lower refractive index. 
Attenuation of the pulse by these materials will result in a reduction in amplitude and 
broadening of the reflected pulse. As the signal is highly absorbed by water and this 
absorption increases with frequency, attenuation of the signal is greater at higher 
frequencies. Attenuation of these high frequency components leads to a broadening of the 
pulse in the time domain. The Fourier transform of the time domain signal gives a 
frequency domain spectrum. Information in the time domain relates to spatial resolution 
and information in the frequency domain related to spectroscopic information of the 
sample. A double Gaussian filter function is applied to remove both the low and high 
frequency noise components and to produce a suitable time-domain response.  
 
In the ScAnalyze package, the normalisation of the pulses is achieved using 
deconvolution, as shown below. 
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The normalisation of the signal to the reference signal results in the removal of 
the system response, but it also increases the system noise. This is counteracted though 
filtering the signal. The filter used in the calculations is a double Gaussian where t is time 
and u and l are upper (High) and lower (Low) bandwidth time constants respectively — 
as shown below. 
 
 (3) 
 
 
Images are generated in a raster pattern, collecting a reflected waveform at each 
sample point across the object. Each sample point contains information in both the time 
and frequency domains and a selected area of either domain can be used to generate the 
2D image for display. The ScAnalyze programme, Figure , allows the user to export data 
and images, manipulate the domain and criteria for image generation, remove and alter 
reference signals.  
 Popular image criteria include: 
• Emax: The maximum amplitude of the received signal at each pixel. 
• Emin: The maximum negative amplitude of the received signal at each pixel. 
• A(t): Amplitude of the pulse at time t. Shows the pulse peak value at time 
intervals through a sample which corresponds to absorbing regions and features at 
depths through the image. 
• A(f): Attenuation of the pulse at frequency f. Shows the attenuation of the pulse 
value at frequencies along the measured frequency range which correspond to 
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absorbing compounds across the image. This attenuation is calculated as a ratio of 
the amplitude of the transmitted pulse and the amplitude of the reflected pulse. 
 
 
2.3.3  Image acquisition  
To obtain image data, the optics are raster-scanned in the x-y plane to collect a grid of 
data points. The data set is three-dimensional with time as the third axis.  The beam is 
focused onto the top surface of the quartz plate and a reference is taken, for example with 
nothing on the quartz plate: just a quartz/air interface.  An additional quartz plate is 
placed on the quartz window to obtain a baseline.  Since the radiation is now effectively 
passing through a very thick layer of quartz, there are no reflections except for those off 
the lower surface of the fixed quartz window. Therefore a baseline waveform is 
subtracted from both the reference and sample waveforms to remove any back-surface 
reflection off the quartz/air and quartz/sample interface measurements. The sample is 
placed on the quartz imaging plate. The acquired image data represent the impulse 
function of the subject convolved with the reference data. Deconvolution is performed to 
extract the impulse function — as shown in the equation below. 
 
            (4) 
 
Dividing the sample by the reference removes the system response but also 
increases the noise. Several methods could be used to remove the noise, for example a 
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low pass filter [75].  In this work a Gaussian filter function is applied to remove both the 
low and high frequency noise components and also to produce a suitable time domain 
response.  The same filter is used for the excitation function input to the FDTD 
simulation and is detailed in Section 2.6.1.  This image processing method has also been 
described in reference [131].  The processing of spectroscopy data is mostly done after 
completion of measurements. 
  
 
 
2.3.4 Regions of Interest   
Regions of interest (ROI) were selected from the schematic diagrams or the marked 
photographs of the specimens once the histopathology was available and corresponding 
areas of the terahertz images were identified for data recovery and analysis.    
   
 
   
2.4 Image Registration  
 
 
Identifying the specific areas of the terahertz image that correspond to the histopathology 
is of utmost importance.  Several methods were explored. 
Initially samples were scanned using a tegaderm sheet applied to the serosal 
surface of the colon and to the Imaga1000 in oreder to keep good contact during 
scanning.  A digital photograph was then taken using a web cam installed inside the 
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Imaga1000 to allow comparison and orientation with the pathological specimen after 
fixation.  At the time of capturing the webcam image the tissue taken from the abnormal 
area of colon was identified by marking it on the digital image (see Figure 2.6).  The 
specimen was pinned out on a cork board to prevent curling of the tissue and fixed in 
10% formal saline for a period not less than 24 hours.  The cork board was marked to 
identify tissue orientation on the Imaga1000. 
Histological diagnosis was recorded on a schematic diagram of the tissue.  The 
tissue was also measured in long and short axis. The information provided was 
transcribed to the terahertz image for identification of ROIs.  Example images from each 
stage are shown in Figure 2.6. 
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(a) Webcam 
 
(b) THz image ROIs 
 
 
  
(c) Histology 
 
(d) Fixed specimen pinned to cork board 
 
Figure 2.6  Tissue scanning 
 
 
 
This method was found to be too imprecise and therefore I developed a solution 
for better image registration.  A tissue holder was designed that could be fitted to the 
Imaga1000 and the tissue held in it in a fashion similar to a flower press.  The whole 
device can be removed and immersed in 10%formal saline for tissue fixation through 
perforations in the back of the press. 
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(a) Schematic representation of the new 
    tissue holder 
(b) Cad illustration 
 
Figure 2.7  Tissue holder design 
 
 
 
Samples were placed on the quartz window of the image holder for scanning.  The 
perforated back plate of the tissue holder was applied to the serosal surface of the 
specimen.  The thumbscrews were tightened until the back plate was touching but not 
compressing the tissue.  After scanning the tissue holder was removed from the 
Imaga1000 and immersed in 10%formal saline for a period of not less than 24 hours for 
tissue fixation.  The specimens were cut for histological preparation in situ on the tissue 
holder and the slices were marked on a photograph. The specimens were inked to allow 
left to right orientation.  
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(a)  
(b)    
(c)  
 
Figure 2.8 Images showing tissue on the tissue press window of the Terahertz  
scanner 
 
 
 
Figure 2.8: (a) The first image shows 2 specimens on the quartz imaging window prior to 
application of the back plate 
 
(b) The second image shows the tissue holder in place on the Imaga1000 with the back 
plate secured 
 
(c) The third image shows the tissue holder removed from the Imaga1000 prior to 
fixation 
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Having processed the specimen for histopathology in situ on the new tissue 
holder, the pathological diagnosis was recorded on a photograph of the tissue holder as 
above. This histology diagram was transcribed to the terahertz image by overlaying the 
terahertz scan on top of the picture used to record the histological data.  It was then 
possible to select regions representative of a particular pathology.  When selecting ROIs 
the edge of the image was avoided as were areas where poor contact with the quartz 
imaging window were evident (caused by air bubbles). 
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(a) (b)  
  
 
(c)  (d)  
 
  
 
(e)  
 
Figure 2.9 Images of tissue taken on the scanner – webcam and Terahertz 
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Figure 2.9 (page 69): Image (a) shows a terahertz image of the scanned specimens. (b) 
shows the pathological diagnoses recorded on the photograph. (c) shows the image 
rotated to match the orientation of the Terahertz scan image. (d) shows the terahertz 
image with regions of interest marked. (e) shows a composite image of image (c) and 
image (d). 
  
 
      
2.5 Data analysis  
 
 
Terahertz scan images return 200 000 pixels per scan.  Each pixel represents a time 
domain waveform.  Each waveform is comprised of 512 points.  Therefore each scan 
returns a maximum of 102 400 000 data points.   In practice each scan is divided into 
ROIs varying between 500 and 5000 pixels (multiplied by 512 points).  These data were 
reduced in matlab to include only those parameters identified by PCA.  These data were 
reduced further to standardised mean values for the regions of interest.  The parameters 
were standardised around zero taking account of the patient relationships using nested 
hierarchical structures.  This was performed using STATA 10 software.   
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2.5.1 Statistical analysis and model development 
   
Principle component analysis was undertaken to identify those parameters responsible for 
maximum variance in the terahertz time domain waveforms. The principal components 
for the time-domain waveforms were determined using the Matlab princomp command.  
Univariate logistic regression analysis was undertaken to identify those components that 
may be significant factors in the terahertz differentiation of benign and neoplastic colon. 
Risk factors with a univariate p-value of <0.25 were included as covariates in the binary 
logistic regression analysis. Only those factors which remained significant within the 
multivariate model were retained for the final analysis. 
Model validation: The nomogram was internally validated by dividing the data set into 
two distinct sets. The regression estimates were generated on a random sample of 60 per 
cent drawn from both the study populations and data on the remaining 40 per cent were 
used to test the performance of the multivariate model. The performance of the model 
was evaluated by measures of calibration and discrimination. 
 
Calibration, or goodness of fit, was assessed by using the Hosmer-Lemeshow ĉ statistic. 
This demonstrated the ability of the nomogram to assign the correct predicted outcome to 
individual specimens. In order to obtain this statistic the probability of neoplasia for each 
specimen based on the model was computed. These were ranked into eight equal groups 
(octiles) of ascending likelihood, and then statistically evaluated the expected and 
observed number of outcomes in each octile. 
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Discrimination was evaluated by measuring the area under the receiver–operator 
characteristic (ROC) curve, with values ranging from 70 to 80 per cent representing 
adequate discrimination and those exceeding 80 per cent representing very good 
discriminationHanley and McNeil (1982).  
 
Software: The statistical software package SPSS® version 14 for Windows (SPSS, 
Chicago, Illinois, USA) was used to develop the risk model.  Matlab was used for the 
principle component analysis. 
     
  
  
2.6 Diagnostic precision-analysis 
 
 
To assess the diagnostic precision of available techniques a diagnostic precision analysis 
of NBI versus chromoendoscopy was performed. The frequency of true positives was 
defined as the number of lesions that were assessed with NBI or Chromoendoscopy and 
found to be dysplastic, which were subsequently shown to be dysplastic at 
histopathological analysis. True-negatives were defined as lesions assessed as being non-
dysplastic using either technique, which was confirmed at subsequent histological 
analysis. The frequency of false positives was defined as lesions assessed as dysplastic 
but where no dysplasia was found at histopathology. False negatives were defined as 
lesions assessed as non-dysplastic, but were dysplastic when assessed by histopathology.  
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The sensitivity and specificity of NBI or chromoendoscopy in each study was extracted 
or calculated by use of 2 x 2 contingency tables of lesion diagnosis. 
The overall pooling of sensitivity (ie, true positive÷[true positive+false negative]) 
and specificity (ie, true negative÷[true negative+false positive]) with 95% CI was 
calculated using a random-effect model. Summary receiver operating characteristic 
(ROC) analysis was used to assess the interaction between sensitivity and specificity. 
Diagnostic odds ratio (DOR), Q-statistic, and area under the ROC curve (AUC) were 
used to analyse the diagnostic precision of NBI. DOR was calculated from data for 
sensitivity and specificity, and was defined as: (frequency of true positives÷frequency of 
false positives)÷(1–frequency of true positives÷1–frequency of false positives). The 
higher the DOR, the greater the diagnostic precision of NBI.  
The Q-statistic is a form of χ2 test that measures heterogeneity between studies, 
and is used to calculate the applicability of the summary ROC regression over the dataset. 
The AUC measures test precision from the summary ROC: a value of 0·5 infers a test 
that is equally likely to diagnose a positive result as either positive or negative. The 
perfect test, which gives a 100% correct diagnosis irrespective of patient characteristics, 
has an AUC of 1·0. Most clinical tests have a value of between 0·5 and 1·0, with better 
diagnostic precision correlating with an AUC closer to 1·0.  
Sensitivity analysis was done to assess NBI and Chromoendoscopy in subgroups 
and to identify sources of heterogeneity between studies. Subgroups analysed were: 
studies with a quality score of 16 or more according to STARD criteria (maximum score 
25)(24); studies with a score of 13 or more according to QUADAS (maximum score 
14)(25); studies that assessed more than 50 patients.  
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Statistical analyses were done by use of Meta-Test software version 0.9. The 
study was done in accordance with previously reported guidelines for meta-analyses of 
diagnostic tests. 
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Chapter 3 
 
Diagnostic Precision of Narrow Band Imaging  
versus  
Chromoendoscopy 
  
3.1 Background 
 
Colonoscopy and flexible sigmoidoscopy form the basis of the NHS bowel cancer 
screening program.  In the UK there are between 88 and 175 lower GI endoscopies 
performed per 10 000 people annually. [NHS atlas of variation 2011]  Many studies have 
shown significant miss rates in endoscopy ranging between 5 an 25% for adenomas. [De 
Marco DC 2011] 
Additionally the histology costs associated with benign biopsies and 
polypectomies from endoscopy are significant and as endoscopy becomes ever more 
prevalent  the associated histology costs continue to increase. (Hassan C )   
Therefore the goals of improving both polyp detection and also characterisation to 
improve both quality and cost effectiveness have resulted in a great deal of research.  The 
current standard white light endoscopy has been augmented very widely by two 
techniques: narrow band imaging and chromoendoscopy.  Chromoendoscopy is very 
inexpensive and involves spraying a chemical dye onto the mucosal surface down the 
endoscope to help highlight the topographical differences in the mucosal surface.  
Narrow band imaging is effectively a digital alternative some times called digital 
chromoendoscopy. Light is filtered into specific wavelengths that are absorbed by 
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haemoglobin and penetrate only the mucosal surface to highlight capillaries and veins 
and allow for improved lesion characterisation.  Both techniques are combined with 
magnification to improve results.   
 
 
3.2  Abstract 
 
Background: Chromoendoscopy with magnification can be used to demonstrate the 
colonic  “pit pattern” which allows highly accurate prediction of lesion histology in 
expert hands. NBI, a novel blue light endoscopic technology, can highlight surface 
structures and microcapillaries without dye-spray, allowing both pit pattern and 
microvascular density assessment. It is unknown which method is more accurate with no 
NBI study assessing more than 180 lesions. We aimed to compare the precision of NBI 
with chromoendoscopy for the in vivo diagnosis of colonic neoplasia. 
 
Methods: We performed a meta-analysis of studies which compared NBI and or 
chromoendoscopy based diagnosis of neoplasia with histopathology. Sensitivity, 
specificity, diagnostic odds ratios (DOR) were calculated for each study. Study quality 
and heterogeneity was assessed. Summary receiver operator characteristics (ROC) and 
subgroup analyses were performed. 
Twenty studies were identified. (19 studies reported data on chromoendoscopy, 3 
on NBI and 4 studies reported on both).  A total of 12 315 patients and 10 954 biopsies 
were included in the analysis. Overall, sensitivity for chromoendoscopy was 0.95 (95% 
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CI 0.94-0.95), specificity was 0.81 (95% CI 0.79-0.82); area under the curve was 0.95 
(SE 0.01), DOR 58.17 (95% CI 34.21-91.17).  Overall, sensitivity for NBI was 0.93 
(95%CI 0.91-0.95), specificity was 0.80 (95%CI 0.74-0.84) and AUC was 0.95 (SE 0.01),  
DOR 62.20 (95% CI 32.73-118.18). Significant heterogeneity was found for both 
techniques. Sub group analysis of high quality studies (STARD > 16 or QUADAS > 12) 
and of studies with >2 endoscopists did not remove the between study heterogeneity for 
chromoendoscopy studies but for NBI heterogeneity was reduced in studies with >2 
endoscopists and with STARD >16. 
 
Conclusion: NBI and chromoendoscopy appear to be equivalent in diagnostic precision 
for colonic neoplasia in vivo, and are highly accurate.  . NBI, a push-button technology 
using a simple microvascular based classification system, is likely to replace 
chromoendoscopy for lesion assessment, perhaps even replacing histopathology for 
small, low risk lesions. 
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3.3  Methods 
 
Search Strategy and Selection Criteria 
We searched Medline (using Pubmed as the search engine) to identify studies where NBI 
or chromoendoscopy with or without magnification was used to endoscopically 
characterise lesions into neoplastic and non-neoplastic categories in the colon until 15th 
January  2008. We used the search terms “narrow band imaging” and “endoscopy”. 
Retrieved articles were assessed for relevance to the topic by 2 independent assessors (JE 
and GR).The reference lists of these articles and the personal libraries of the authors were 
searched for additional relevant articles. No language restrictions were applied. Only 
human studies were considered. No attempt was made to access unpublished articles. 
 
Eligibility criteria and data extraction 
Eligibly studies were those where data on sensitivity and specificity for lesion 
characterisation for neoplasia with NBI or chromoendoscopy of the colon could be 
extracted. Studies without histological confirmation of neoplasia were excluded, as were 
case reports, editorials and commentaries, and data reported as abstracts only. Neoplasia 
was defined as dysplasia or adenocarcinoma. Publications with possible overlap of 
patients or lesions were discussed by JE, GR and PT and only the best quality study was 
used.  
Data were obtained for: author, date of publication, study design (prospective or 
retrospective), patient characteristics (number, age), number of lesions assessed, use of 
magnification, additional use of chromoendoscopy, number of endoscopists/ observers, 
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scoring system for dysplasia (pit pattern/mucosal pattern and vascularity/ microvessels) 
and degree of dysplasia. Where studies reported both mucosal pattern and micorvascular 
measures, the best measure was used. If studies reported data for individual observers 
these were treated as individual observations and not combined. Data were extracted 
independently by GR and ET. Discrepancy was resolved through consensus with PT. 
Included studies were assessed for quality using the guidelines published by the STARD 
initiative and the QUADAS tool (24;25). 
 
Endpoints and Definitions 
The primary end points were the sensitivity and specificity for NBI or chromoendoscopy 
to correctly characterise lesions as dysplastic and non-dysplastic.  
 
Statistical analysis 
The frequency of true positives was defined as the number of lesions that were assessed 
with either technique to be dysplastic, which were subsequently shown to be dysplastic 
(as defined above) at histopathological analysis. True-negatives were defined as lesions 
assessed as being non-dysplastic using either technique, which was confirmed at 
subsequent histological analysis. The frequency of false positives was defined as lesions 
assessed as dysplastic but where no dysplasia was found at histopathology. False 
negatives were defined as lesions assessed as non-dysplastic, but were dysplastic when 
assessed by histopathology.  The sensitivity and specificity of NBI or chromoendoscopy 
in each study was extracted or calculated by use of 2 x 2 contingency tables of lesion 
diagnosis. 
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We calculated overall pooling of sensitivity (ie, true positive÷[true positive+false 
negative]) and specificity (ie, true negative÷[true negative+false positive]) with 95% CI 
using a random-effect model. We did summary receiver operating characteristic (ROC) 
analysis to assess the interaction between sensitivity and specificity. Diagnostic odds 
ratio (DOR), Q-statistic, and area under the ROC curve (AUC) were used to analyse the 
diagnostic precision of either technique. DOR was calculated from data for sensitivity 
and specificity, and was defined as: (frequency of true positives÷frequency of false 
positives)÷(1–frequency of true positives÷1–frequency of false positives). The higher the 
DOR, the greater the diagnostic precision of NBI or chromoendoscopy.  
The Q-statistic is a form of χ2 test that measures heterogeneity between studies, 
and is used to calculate the applicability of the summary ROC regression over the dataset. 
The AUC measures test precision from the summary ROC: a value of 0·5 infers a test 
that is equally likely to diagnose a positive result as either positive or negative. The 
perfect test, which gives a 100% correct diagnosis irrespective of patient characteristics, 
has an AUC of 1·0. Most clinical tests have a value of between 0·5 and 1·0, with better 
diagnostic precision correlating with an AUC closer to 1·0.  
Sensitivity analysis was done to assess NBI and Chromoendoscopy in subgroups 
and to identify sources of heterogeneity between studies. Subgroups analysed were: 
studies with a quality score of 16 or more according to STARD criteria (maximum score 
25)(24); studies with a score of 12 or more according to QUADAS (maximum score 
14)(25); studies where there were 2 or more endoscopists. 
 84 
Statistical analyses were done by use of Meta-Test software version 0.9. The 
study was done in accordance with previously reported guidelines for meta-analyses of 
diagnostic tests (27-29). 
 
 
3.4  Results 
 
The keyword search identified 121 abstracts; non-English language articles were 
translated by staff at Imperial College London. The abstracts were assessed to identify 
studies which compared narrow band imaging based lesion characterisation to 
histopathological diagnosis. 91 articles were excluded; 33 reviews, 16 commentaries or 
editorials, 3 case reports, 1 animal study, 7 articles on technical improvements and 21 
articles with the wrong end point (8 IBD surveillance, 7 detection rate rather than 
diagnosis, 8 not directly related to colonoscopy and/or NBI or chromoendoscopy). Thus 
30 articles were fully assessed. 4 studies were excluded. 1 study included previously 
published data; 3 studies provided data on detection only(Lee, Kim et al. 2003, Trecca, 
Gai et al. 2004, Ratiu, Gelbmann et al. 2007); the reference lists for these studies were 
assessed and but no further articles were identified. Therefore 26 studies were used for 
data extraction and analysis.(Axelrad, Fleischer et al. 1996, Togashi, Konishi et al. 1999, 
Kato, Fujii et al. 2001, Kiesslich, von Bergh et al. 2001, Ljubièiæ 2001, Tung, Wu et al. 
2001, Eisen, Kim et al. 2002, Nakao, Araujo et al. 2002, Averbach, Zanoni et al. 2003, 
Baldoni, Guidi et al. 2003, Konishi, Kaneko et al. 2003, Liu, Kudo et al. 2003, Fu, Sano 
et al. 2004, Hurlstone, Cross et al. 2004, Machida, Sano et al. 2004, Apel, Jakobs et al. 
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2006, Bianco, Rotondano et al. 2006, De Palma, Rega et al. 2006, Sonwalkar, Rotimi et 
al. 2006, Su, Hsu et al. 2006, Chiu, Chang et al. 2007, East, Suzuki et al. 2007, Hirata, 
Tanaka et al. 2007, Ince, Bolukbas et al. 2007, Rastogi, Bansal et al. 2007, Tischendorf, 
Wasmuth et al. 2007)  Tables 3.1 and 3.2 show the characteristics of these studies. 
Using the STARD guidelines, a quality score for every study was completed on 
the basis of title, abstract, introduction, methods, results and discussion (Table 3.1). 
Quality scoring was also performed using the QUADAS methodology, where a score of 1 
was given when a criterion was met, a score of -1 when a criterion was not met, and a 
score of 0 if it was unclear if a criterion had been achieved. 
The total number of patients assessed in the studies was 12 315 (range per 
study19-4 445), who had 10 954(19-3 438) lesions assessed with NBI and compared with 
histopathology. Figures 1, 2 and 3 show the summary overall sensitivity and specificity 
and diagnostic odds ratios of NBI and chromoendoscopy for diagnosing neoplasia at 
colonoscopy. Overall sensitivity for chromoendoscopy was 0.95 (95% CI 0.94-0.95), 
specificity was 0.81 (95% CI 0.79-0.82) and AUC was 0.95 (SE 0.01; DOR 58.17 [95% 
CI 34.21-91.17]), with significant heterogeneity between studies (Q value 159.55, 
P<0.001).  Overall sensitivity for NBI was 0.93 (95%CI 0.91-0.95), specificity was 0.80 
(95%CI 0.74-0.84) and AUC was 0.95 (SE 0.01; DOR 62.20 [95% CI 32.73-118.18]), 
Table 3.3. Figure 3.3 shows summary ROC curves for NBI and chromoendoscopy 
overall. Diagnostic performance in high quality studies assessed by STARD and 
QUADAS criteria was very similar to that of low quality studies (Table 3).  There was 
substantial heterogeneity between studies for the overall pooled analysis and for the 
subgroup analyses with the exception of NBI studies that were classed as high quality by 
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the STARD classification or those that included 2 endoscopists.  Metaregression of the 
two techniques showed no statistica difference rDOR 1.23 (95%CI 0.43- 3.52) p=0.69. 
 
 
 
3.5  Discussion 
 
This current study did not demonstrate a specific advantage of chromoendoscopy over 
NBI (or visa versa).  The study was limited to assessing the diagnostic precision of the 
techniques and did not address the equally important question of diagnostic yield.   The 
fact that NBI is quicker for the endoscopist to perform as it only entails pressing a button 
is a distinct advantage where the primary aim is lesion characterisation.  In real life 
situations, often the goals are not so distinct and benefits of both techniques maybe 
utilised in a single procedure.  The most significant weakness of this analysis is that none 
of the included studies provided a direct comparison of the same colon by the same 
endoscopist with both techniques. 
The meta-analysis found significant heterogeneity between studies and it was not 
possible to correct for this using subgroup analysis.  Of note however the pooled data for 
NBI was not significantly heterogeneous and that may represent the standardised imaging 
technology and training amongst early adopters and proponents of the technology.  
Chromoendoscopy with and without magnification is by nature a much less controlled 
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technique with variation in the optical instruments, the dyes used and the strength of the 
dye and in the technique of application of the dye, which were not uniformly reported.   
Another weakness of the study is the miss rate associated with endoscopy.  While 
this study was not concerned with lesion detection it is by no mans clear that equivalent 
lesions are examined by each technique.  The real life applications however are valid as 
the majority of colonoscopies detect lesions using white light endoscopy and characterise 
using one of the techniques studied before removing for histology.  None of the included 
studies however comment on whether the lesions included for analysis were all detected 
using white light endoscopy alone or whether the addition of chromoendoscopy or NBI 
was used in lesion detection prior to characterisation.  The relatively low specificity of 
each technique at less than 80% demonstrates that there is ample room for further 
improvements in imaging adjuncts to improve colonoscopic virtual biopsy techniques and 
reduce the cost burden of histology.   
The sensitivity of 95% is more difficult to interpret as there is no real control 
possible in invivo studies where the endoscopist will not be sending ‘normal’ tissue 
routinely for analysis.  The bulk of polyps (about 75%) identified at colonoscopy are 
diminutive polyps.  These polyps are rarely of significant clinical concern as they are 
easily resectable and tend to be low grade dysplatic tubulovillous adenomas or 
hyperplastic polyps.  
Of much more clinical relevance would be the ability to differentiate between or 
identify dysplasia on a background of inflamed tissue.  The studies reviewed and 
analysed here did not address this question.  The advent of digital image software for 
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recording endoscopy has put a lot more quality control into white light endoscopic 
diagnosis.  The ability to record NBI and chromoendoscopy images with near focus 
magnification allows greater confidence in optical biopsy as a practical approach.  The 
record of image remains with the procedure report and can be validated by third parties 
further encouraging uptake of the technique.   
The American Society for Gastrointestinal Endoscopy (ASGE) has proposed, that 
for diminutive polyps(<5mm) to be resected and discarded without pathologic 
assessment, the endoscopic diagnosis should provide a ≥90% agreement in assigning 
surveillance interval compared with pathology-based diagnosis.  ASGE also proposed 
that to leave diminutive rectosigmoid non-neoplastic polyps in situ without removal, the 
endoscopic diagnosis should provide ≥90% NPV. Both of these practices would result in 
a significant time and financial saving. A recent randomised controlled trial using the 
latest advances in high definition white light imaging and NBI VALID concluded that 
NBI may replace histologic diagnosis for the majority of diminutive polyps. The study 
reported an overall diagnostic accuracy of 88.5%.  This is no better than the data for the 
comparative studies included in this analysis and therefore goes further to make the case 
for adjuncts to improve optical biopsy accuracy.  Further studies focus on combination of 
techniques and may unlock the way to significant cost and efficiency saving promised by 
optical biopsy. 
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Table 3.1: Patient demographic characteristics 
 
 
Author (year) 
Number 
of 
subjects 
 
Lesions 
examined 
Age 
(range) 
Inclusion 
criteria 
Exclusion 
criteria 
Study 
design 
STARD / 
QUADAS 
score 
Averbach (2003) 54 74 
59.5 (30-
83) 
- - P 16/12 
Axelard (1996) 24 55 
58.6 (29-
79) 
2,5 1 P 15/12 
Baldoni (2003) 19 19 - 2 1,5,6,14 R 12/10 
Bianco (2006) 1367 534 65 (22-94) 2 
1,3, 6, 
9,10,12,13 
P 21/13 
Chiu (2007) 133 180 55 (29-87) 1 - P 18/12 
East (2007) 20 33 - 1 - P 17/13 
Fu (2004) 122 206 - - 3,7,9,10 P 18/13 
Hirata (2007) 99 148 - 1 - R 12/12 
Hurlstone (2004) 1850 1008 63 (16-92) 2 1,3,6,9,10,12 P 18/13 
Ince(2007) 65 218 55(+/-14) 1,5 1,5,6,10 P 17/11 
Kato (2001) 4445 3438 - 8 14 R 12/10 
Kiesslich (2001) 100 283 
64.5 (32-
93) 
3,4,6,7 10,11,12 P 13/12 
Konishi (2003) 219 405 - - 6,7,9,10,11 P 15/13 
Liu (2003) 
 
948 954 - 1 11,12,13 P 16/11 
Ljubicic (2001) 42 48 
59.8 (38-
81) 
2,5,9 - P 11/12 
Machida (2004) 34 43 - - - P 15/11 
Nakao (2002) 53 126 
65.1 (+/- 
13.3)* 
2,5 6,9,10 P 16/12 
Rastogi(2008) 40 72 62 (+/- 9.5) 1 3,7,12 P 18/12 
Sonwalar (2006) 476 709 66 (32-94) - - - 12/11 
Su (2006) 78 110 51 (21-87) 2,3,4,5 - P 18/12 
Tischendorf(2007) 99 200 68.7(40-87) 1 6,9,10,12 P 18/12 
Togashi (1999) 1280 923 - - - - 12/11 
Tung (2001) 141 175 55 (23-85) 2,6,9 - - 13/11 
 11708 9961      
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Table 3.2: Technical characteristics of reported studies 
 
Author (year) 
Reference 
(Gold) 
standard 
Type of 
Investigation 
Number of 
endoscopists 
Lesion 
characterisation 
Positive 
histology 
Averbach (2003) Histology Chromoendoscopy 1 Kudo Cancer/dysplasia 
Axelard(1996) Histology Chromoendoscopy 2 - dysplasia 
Baldoni (2003) Histology Chromoendoscopy - - dysplasia 
Bianco (2006) Histology Chromoendoscopy 4 Kudo / Paris Cancer/dysplasia 
Chiu (2007) Histology NBI, Chromoendoscopy 4 
Microvessels, Pit 
pattern Cancer/dysplasia 
East (2007) Histology NBI, Chromoendoscopy 2 
Microvessels, Pit 
pattern Cancer/dysplasia 
Fu (2004) Histology Chromoendoscopy 2 Kudo  Cancer/dysplasia 
Hirata (2007) Histology 
NBI 
 
- Microvessels Cancer/dysplasia 
Hurlstone 
(2004) Histology Chromoendoscopy 1 Kudo Cancer/dysplasia 
Ince(2007) Histology Chromoendoscopy - Pit pattern Cancer/dysplasia 
Kato (2001) Histology Chromoendoscopy - Kudo Cancer/dysplasia 
Kiesslich (2001) Histology Chromoendoscopy 3 Kudo / Paris Cancer/dysplasia 
Konishi (2003) Histology Chromoendoscopy 3 Kudo Cancer/dysplasia 
Liu (2003) 
 
Histology Chromoendoscopy ? Kudo Cancer/dysplasia 
Ljubicic (2001) Histology Chromoendoscopy - - Cancer/dysplasia 
Machida (2004) Histology NBI, Chromoendoscopy 2 
Microvessels, Pit 
pattern Cancer/dysplasia 
Nakao (2002) Histology Chromoendoscopy - Kudo Cancer/dysplasia 
Rastogi(2008) Histology NBI 1 Microvessels Cancer/dysplasia 
Sonwalar 
(2006) Histology Chromoendoscopy 2 Kudo Cancer/dysplasia 
Su (2006) Histology NBI, Chromoendoscopy* 2 
Microvessels, Pit 
pattern Cancer/dysplasia 
Tischendorf(2007) Histology NBI, Chromoendoscopy 2 
Microvessels, Pit 
pattern Cancer/dysplasia 
Togashi (1999) Histology Chromoendoscopy 1 Kudo Cancer/dysplasia 
Tung (2001) Histology Chromoendoscopy 2 Kudo/ JRSCCR Cancer/dysplasia 
   *non-magnified 
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(b)  
  
Figure 3.1  Sensitivity plots (a) chromoendoscopy; (b) NBI 
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Figure 3.2  ROC Curve for chromoendoscopy 
 
 
 
 
Figure 3.3  ROC Curve for NBI 
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Chapter 4 
 
Characterisation of in vitro colon 
 
4.1 Background  
 
 
Biomedical applications of terahertz radiation are in their infancy. To date the terahertz 
properties of striated muscle, vein, nerve, keratinised skin and adipose tissue have been 
catalogued.[Fitzgerald 2003] The technique has also been used to image human teeth 
demonstrating 3D images of caries and  enamel thickness (Crawley et al (2003)) and 
malignant disease of the skin (Wallace et al (2003); Wallace et al (2004)), breast 
(Fitzgerald et al (2006)) and liver (Knobloch et al (2002); Nishizawa et al (2005)). 
(Pickwell et al (2004a)) imaged human skin tissue showing changes in refractive index 
were due to differences in skin moisture.  
The colon presents a new challenge in Terahertz imaging.   The epithelial surfaces 
throughout the gastrointestinal tract from the stomach to the colon secrete mucus. It is a 
unique secretion in that it forms a gel adherent to the surface that provides a protective 
barrier between the underlying epithelium and the lumen. The adherent mucus layer in 
the colon has been found to have a mean thickness of 116 microns [Matsuo, Mack, 
Atuma]. However there is a marked variation in mucus layer thickness anatomically from 
caecum to rectum with the rectum having the thickest adherent layer. The effect of water 
on Terahertz radiation has been previously established [Fitzgerald 2003, Xu2006].  Fig 
4.1:  The absorption spectrum of water exhibits a very strong, broad peak centred at 5.6 
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THz. The effect of this absorption peak, which is still relevant at the frequency range 
used in the THz imaging in this study, makes this technique highly sensitive to water 
concentration.  The negative implications of the high absorption in this range (23mm−1 at 
1 THz) are that whole-body imaging is impossible (Siegel (2004)), however it is the 
differences in water content between tissue types that provide image resolution in the 
THz range. 
 
 
 
Figure 4.1  Absorption coefficient water in THz spectral range (Xu et al (2006)) 
 
 
Terahertz pulses are totally absorbed by a water layer of 250 microns.  It is 
necessary therefore to know the effect of the colonic mucus layer on Terahertz imaging.  
The colon may also contain faecal matter and blood therefore the effect on terahertz 
imaging of these substances is also relevant to this study.  Imaging in water rich 
environments such as the colon have not been described previously and therefore it is 
also necessary to establish an expected standard error for imaging similar subject material 
over time. 
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4.2 Aims  
 
To determine the Terahertz absorption and refraction of blood, faeces and mucus. 
To determine the effect of various water thicknesses on the ability of Terahertz 
broadband pulses to discriminate colonic pathology and to measure parameter variation 
of distilled water at different time points. 
 
 
4.3 Methods          
 
4.3.1 Patient recruitment   
Blood and faeces were obtained from healthy volunteers.  Informed consent was 
obtained.   No blood or stool was obtained from patients.  Mucus was reconstituted from 
commercially available mucin (Aldrich UK). 
 
4.3.2 Data acquisition   
The general methods are described in detail in chapter 2. Briefly all data were collected 
using TeraView’s reflection imaging system (Imaga1000). The area scanned was 
20x20mm with a 200 micron pixel size; with an acquisition time of 10 mins. 
The THz data were saved in a raw format along with the recorded reference and 
baseline. All data were processed in the same way. To remove any system response, the 
raw terahertz waveform of the tissue at each pixel was divided by a reference waveform 
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in the frequency domain and a numerical bandpass filter was applied to remove high and 
low frequency noise, resulting in a deconvolved waveform. Two sets of data were taken 
using two different references: one with nothing on the quartz window which is termed 
the air reference, which is a standard method of referencing; secondly, a reference was 
taken with water on the quartz window, the water reference. As tissue has a high water 
content, their properties in the THz frequency range are similar, thus water is an “ideal 
matching” material that enhances subtle differences in tissue pathology. The differences 
between the THz reflected pulse between air and water references are shown in Figure 
4.2. The Air referenced data gives a negative peak because the refractive index of tissue 
(ntissue~2) is higher than that of air (nair=1). The water-referenced data gives a positive 
peak because tissue typically has a lower refractive index than water (nwater=2.2). 
 
 
(a)         (b)  
 
 
       Figure 4.2  Examples (a) air and (b) water-referenced data 
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4.4 Water thickness data   
 
The aim of this experiment was to determine the effect of a layer of water between the 
sample tissue and the terahertz imaging window.  The experiment was designed using a 
controlled tissue ‘phantom’.   
 
 
4.4.1 Phantom experiment 
A phantom is the term used to represent a synthetic material of known 
composition, which may be used instead of organic tissue for the purposes of imaging.  It 
has the advantage that as a simple compound any variability in results may be attributed 
to variability in the experiment rather than unknowns in the tissue sample being studied. 
The phantom stage imaged two tissue phantoms one labelled ‘Gelatin’ consisted 
of  20% gelatin and 80%water, and one labelled ‘3 phase’ consisted of  56% oil, 37% 
water, 7% gelatin.  These two phantoms were imaged side by side in a manner similar to 
the tissue experiments. Increasing thicknesses of water were introduced between the 
image window and the phantom.  Different water thicknesses were achieved using 4 
spacers of increasing thickness (0.05mm, 0.1mm, 0.2mm and 0.5mm).  The spacer water 
and phantoms were held in place with the tissue holding device to minimize external 
variations. 
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Figure 4.3 Picture of the phantoms used 
 
Results 
The results shown in the graph below, demonstrate that discrimination is possible with a 
water film up to 0.1mm thick.  When the film reaches 0.2mm thickness there is no 
discrimination between phantoms.  The THz pulse appears to be imaging the water film 
at these thicknesses. 
 
  
 
Figure 4.4  A graph to show Terahertz discrimination at increasing water thickness 
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Conclusion 
Terahertz pulsed imaging can image tissue phantoms through a water film of 0.1mm deep 
and retain useful contrast.  Previous studies on the thickness of mucus films in the human 
colon have found mucus layer thickness varies throughout the colon.   The thickness is 
greatest in the rectum and least in the caecum. Average thickness ranged from 31.1µm to 
88.8 µm. 
We have been able to show that discrimination of tissue pathology using 
Terahertz broadband pulses is preserved at these thicknesses of water.  The terahertz 
properties of mucus are explored further in section 4.7 below. 
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4.5 Faeces 
The composition of faeces varies considerably.  A healthy subject may have stool with 
approximately 75% water content.  The remainder comprising of 33% dead microbes and 
another 33% indigestible food. The composition and appearance of human faeces varies 
significantly with the state of the whole digestive system, diet and health, and bowel 
preparation.   
Aim 
This experiment was concerned with the effect of a residual layer of solid faecal matter 
with reference to distilled water.  
Method 
Two faeces samples were taken from a single healthy subject with consent. The samples 
were measured in transmission, using a tissue cell and a separation distance of 200µm, to 
obtain refractive indices and absorption coefficients, which were then averaged (as 
described by Fitgerald 2003). 
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Figure 4.5  Absorption coefficient Faeces 
                             
Figure 4.6  Refractive index Faeces 
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Results 
From the graph of the absorption coefficient, figure 4.5, it is evident that the absorption 
of pure water is greater than the faeces sample. The refractive index, figure 4.6, of the 
faeces sample, in comparison to pure water show that the refractive index of water is 
greater at low frequencies than faeces, however, they become comparable at higher 
frequencies. Measurement of the refractive index in transmission is not as accurate as 
when it is measured in reflection, resulting in the large standard errors displayed.  
 
Conclusion 
These results are representative of an individual case only. However, it can be believed 
that the typical absorption of faeces will be lower than that of water. The composition of 
faeces will always include low water content materials such as indigestible residues of 
food, bacteria and dead cells, therefore, as it is not 100% water, the absorption will be 
lower in the THz region than pure water. 
 
 
 
4.6 Blood 
 
Blood is a bodily fluid composed of red cells, white cells and platelets suspended within a 
plasma. Blood is, by volume, typically 45% red blood cells, 55% plasma and a very small 
amount of white blood cells. Plasma is predominantly water containing dissolved proteins 
and salts, compromising typically 92% water and 8% blood plasma proteins. Plasma 
circulates nutrients, removes waste products and circulates hormones around the body. 
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Red blood cells contain haemoglobin, a molecule which transports oxygen by reversibly 
binding to the gas which increases its solubility. The haemoglobin molecule consists of 
four protein subunits. Each subunit is composed of a protein chain and a non-protein 
haem which consists of an iron atom surrounded by an organic compound ring. White 
blood cells are cells of the immune system and are used in defending the body against 
both infectious disease and foreign materials and platelets are anuclaer cells used in the 
formation of thrombus. Thrombus, is formed through a process called coagulation where 
a solid mass is formed containing platelets and fibrin; platelets group together to form a 
plug, quite simply a group of cells clustered together, while proteins in the blood plasma 
form fibrin strands which form covalent bonds and strengthen the platelet plug 
[Mosesson2005].  
 
Aim  
To establish the terahertz properties of blood with reference to distilled water. 
 
Method 
A blood sample was taken from a single healthy subject with consent and split into three 
separate samples to be used for measurements of a) whole blood, b) blood serum, c) 
blood cells and d) coagulant. Blood serum and blood cells were retrieved though 
centrifuging one of the samples for 10 minutes to separate these two components. A 
sample was set to one side for a few hours and allowed to clot. The samples were 
measured in transmission, using the tissue cell (coagulant and blood cells) and the liquid 
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cell (whole blood and blood serum) and a separation distance of 200µm, to obtain the 
refractive index and absorption coefficient.          
 
Figure 4.7  Absorption coefficient Blood 
 
Figure 4.8  Refractive index Blood 
106 
 
Results 
From the graph of the absorption coefficient, Figure 4.6, it is evident that the absorption 
of pure water is greater than whole blood or any of its components. It is apparent that 
there is a decrease in overall absorption coefficient as the water content of the blood 
components is reduced; serum (92% water), whole blood (50.6% water) and blood cells. 
The exception, however, is the blood clot which has the same water content as whole 
blood where, clearly, the effect of coagulation and the formation of a thrombus has an 
effect on the absorption coefficient. It is likely that the formation of the protein/fibrin 
covalently bonded structure encapsulates any water present, impeding their ability to 
attenuate THz radiation.  
The refractive index, Figure 4.7, of whole blood and blood components, in 
comparison to pure water show, overall, that the refractive index of water is grater than 
the whole blood and components. It would be expected that components with a high 
water content would have refractive indices very similar to pure water and, while this is 
true of the whole blood sample, this does not appear to be the case with the serum 
sample. The refractive index of the serum at low frequency (0.1-0.5THz) is consistent 
with water and whole blood, however, begins to diverge at higher frequencies. The 
refractive indices of the blood clot and blood cells appear to be consistently 0.05 below 
that of pure water. Measurement of the refractive index in transmission is not as accurate 
as when it is measured in reflection, resulting in the large standard errors displayed 
however it is a good approximation and technically is the only achievable method. 
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4.7 Mucus 
Mucus is a viscous secretion of the mucous membranes (such as the colonic mucosa) and 
provides a protective and lubricating function due to the ability to form a gel layer 
adherent to the underlying epithelium. Mucus is the principle lubrication method for 
transport through the gastrointestinal system, as it prevents trauma to the tissues from the 
materials peristalsing through, which become progressively more solid as water is 
extracted [ Seidel2006 ]. Mucus is composed of salts, immunoglobins, mucin, a large 
glycoprotein with gelation and water retention properties, and water  [Bansil1995]. 
 
Aim 
To characterise the terahertz properties of mucin with reference to distilled water. 
 
Method 
Mucin from porcine stomach (Aldrich, UK) was used in these spectroscopy 
measurements. Gels of water mixed with mucin were created to equate to physiological 
concentrations of 90% and 95% water volume by weight [ Bansil1995], where 206.3mg 
of mucin was mixed with 1990.3mg of water to create a ‘90%’ sample and 103.1mg of 
mucin was mixed with 1975.8mg of water to create a ‘95%’ sample. The formation of a 
homogenous gel was hindered by the water retaining properties of the mucin, however, it 
was found that gentle heating of the solution in an ultrasonic bath helped break up protein 
aggregates and displace air bubbles. The samples were then measured in transmission, 
using the tissue cell and a separation distance of 200µm, to obtain the refractive index 
and absorption coefficient.  
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Figure 4.9  Refractive Index Mucus 
              
Figure 4.10  Absorption Coefficient Mucus 
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Results 
Figure 4.8 shows that the refractive index of the gels are not concentration dependent and 
are very similar to that of pure water. This suggests that the structure of the gel does not 
impede the propagation of radiation through materials, so we could consider the structure 
to be weakly bound, almost like a suspension of particles in water rather than a strongly 
bound lattice. The absorption coefficients, Figure 4.9, of the gels are lower than that of 
water and display a concentration dependence, with the absorption of the ‘90%’ sample 
being slightly lower than that of the ‘95%’ sample over the frequency range 0.1-2THz. 
This is, most likely, to be due to the displacement of water molecules by the mucin 
resulting in a reduced overall attenuation.  
 
Conclusion 
In terms of the impact of mucus on colon imaging, the results indicate that there will be 
similar reflections from interfaces as water, which is determined by the refractive index, 
however, there will be less absorption of the pulse so it will be able to penetrate further 
through a layer of mucus in comparison to water. 
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4.8 Measurement repeatability assessment 
 
Background 
Terahertz imaging of biological materials has been carried out using the Imaga 1000 for 
around 3 years.  There are no published data in the literature on system variation on a day 
to day basis for biological materials.   
 
Aim 
To identify whether system variation significantly contributes to terahertz parameter 
differences in different scans on the same day or different days. 
 
Method 
Measurements were made of pure distilled water (single sample, stored at room 
temperature in a tightly sealed container) using the TPIImaga system at Imperial College 
London, over a five day period, between 30th November 2007 and 7th December 2007. 
Measurements were taken using both air and water references.  Water was used as it is a 
stable, uniform material allowing effects due to material compression and misplacement 
to be removed.  The data were retrieved as described in section 2. 
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Data analysis 
The mean values and standard deviations of the ROIs were calculated and graphically 
plotted. 
 
Results 
Below, and on pages 108 and 109, are tables and graphs displaying the Terahertz 
parameters for water and air referenced measurements. 
 
4.9 Water Reference 
Table 4.1  Water reference - Parameters identified to maximally display  
                  terahertz variability 
 
Parameter  
1 Emax: Maximum value of THz pulse 
2 A(t): Amplitude of pulse at time t = 0.26 ps prior to Emax time. 
3 A(t): Amplitude of pulse at time t = 0.26 ps after Emax time 
4 Integral in THz pulse from 0.26 ps before Emax time to 0.26 ps after. 
5 P(f): Power in spectrum at f = 0.6 THz 
6 Integral of power spectrum over freq range 0.44 - 0.60 THz 
7 Log of Integrated power 
8 Full width half maximum (FWHM) 
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Figure 4.11 A graph to show mean and standard deviation of parameter readings 
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4.10 Air Reference 
Table 4.2 Air reference - Parameters identified to maximally display terahertz variability 
Parameter  
1 Emin: Minimum value of THz pulse 
2 –1Emin/Emax 
3 A(t)/Emin: Normalised amplitude at t = 0.33ps prior to Emin time 
4 A(t)/Emin: Nomalised amplitude at t = 2ps after Emin time 
5 Integral of THz pulse over fixed time range (Param3 to Param4) 
6 P(f): Power in spectrum at f = 0.6THz 
7 Integral of Power in spectrum over fixed freq range  
(f1 = 0.6THz, f2 = 0.44THz) 
8 THz pulse width, FWHM 
9 Emax - Emin 
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Figure 4.12 A graph to show mean and standard deviation of parameter readings 
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4.9 Conclusion 
 
It can be clearly observed that there is negligible deviation from the mean for the 
majority of tissue parameters, with the exception of parameter 2 of the air referenced 
data. This terahertz parameter will be excluded from further study when analysing colon 
data as it is subject to large deviations.  The reasons for the lack of homogeneity in this 
parameter are outside the remit of the current study. However they are not understood 
and should be the subject of further analysis. 
 
 
 
4.10 Summary 
 
 
Water referenced data show a high degree of homogeneity on the imaging system.  Using 
water referenced data is also likely to result in better image resolution when imaging a 
wet subject than air referenced data.  Mucous, faeces and blood were identified as fairly 
consistent candidates for potential contaminants of colonic lesion identification.  It is 
possible to clean lesions using water jet spray and it is also possible to insufflate using air 
or CO2. It is however important to try to characterise the effect of contamination on 
image acquisition.  Analysis of results from these experiments indicated that confounding 
factors in interpreting terahertz images of colonic tissue include system based factors 
such as contamination of the quartz imaging window with debris and sensitivity of the 
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system to having a level imaging window. Background noise did not present a significant 
problem in analysing the images obtained. Likely contaminants of colonic mucosa, blood, 
mucus and faeces all have an absorption coefficient similar to, but less than water.  This 
is an important consideration in the practical application of terahertz imaging to the 
colon. The implication being that imaging a bleeding or dirty lesion with terahertz is not 
feasible as the attenuation of the image is likely to be too great.   
The presence of a mucus layer adherent to the colonic mucosa is likely to affect 
the quality of the images obtainable, however the data suggests that mucus is less 
attenuating than water to the terahertz light and that the thickness of mucus normally 
found in the colon is compatible with terahertz imaging.  Clearly the closer the contact to 
the mucosal cell layer that is achievable the greater the quality of the images returned will 
be.  This preliminary study has demonstrated that in optimum conditions terahertz may 
not be impossible to use for in-vivo imaging of colonic mucosa, however the high 
absorption shown by water at terahertz frequencies will constrain the clinical usefulness 
of this technique to situations where it is possible to influence surface contamination and 
reduce it to a minimum.  The refraction data obtained may prove of further value in 
future experiments characterising the terahertz properties of biofluids.  The clinical 
usefulness of the information given the aims of this study is limited by the absorbative 
effects on terahertz light and by the inherently inaccurate method of estimating refractive 
properties from a system that derives data from a reflected source. If terahertz radiation is 
to be of significant clinical benefit in colonic or any biological imaging then further work 
will need to concentrate on how best to optimise the imaging target to allow for contact 
with a terahertz probe.  It may for instance be possible to develop a fibre optic based 
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optical biopsy forcep that will provide close contact with an imaging target and eliminate 
or minimise the risk of contamination by colonic debris, mucous, blood or water. This 
may be enhanced by channelling air over the tip of the forcep to further dry the target 
surface.  This would be a useful further area of study. 
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Chapter 5 
 
Differentiation of benign and neoplastic colon 
 
 
 
 
5.1 Background 
 
Colon cancer represents a major public health problem in the western world.  This year 
sees the role out of the NHS bowel cancer screening program.  Screening populations for 
bowel cancer represents a significant financial investment and the success of such a 
program depends on the diagnostic accuracy of the screening tests involved and the 
associated morbidity of those tests.  There has been a substantial volume of research into 
optical enhancements for improving diagnostic accuracy of colonoscopy with the 
ultimate if distant goal of diminishing the requirement for tissue biopsies and the 
associated histology costs and potential morbidity.   
Almost every part of the electromagnetic spectrum has been explored for its own 
unique properties and their potential impact on medical imaging from X-rays and ct 
colonography through ultraviolet light and fluoroscopy to near infrared and raman 
spectroscopy.  The terahertz wave lengths however still remain under explored and under 
represented in the medical literature.  Traditionally this part of the spectrum from 0.1to 
10THz has been referred to as the THz gap.  This is because until relatively recently it 
has been difficult to generate and detect broadband pulses in this frequency range.  
Recent advances in terahertz physics have lead to practical and efficient commercially 
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available systems for the emission and detection of Terahertz broadband pulses. 
[Grischowsky D,2006;Fitzgerald A,2006]  
 
 
 
5.2  Aim 
 
The aim of this study was to explore the potential for terahertz pulsed imaging as a 
diagnostic adjunct for identifying colonic neoplasia. 
 
 
 
5.3 Methods 
 
5.3.1 Patients and samples 
A total of 99 colonic tissue samples were collected from 37 patients (22 men and 15 
women with a median age of 63 years range 19-87).  All patients preoperatively gave 
informed consent, permitting investigative use of the tissues and this study was approved 
by the NHS Harrow Research Ethics Comitte and by the Imperial College research 
services.  The tissue was collected and processed as outlined in Chapter 2.  Samples were 
collected in two separate phases of the experiment the first phase was designed primarily 
to image gross variations in pathology, tissue that was obviously malignant to the naked 
eye compared with normal tissue from the same colon.  The second phase was aimed at 
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establishing whether the technique would have the sensitivity to detect more subtle 
differences between pathologies. 
Phase 1 included 12 patients, 1 was excluded from the analysis due to inability to 
orientate the pathology with the terahertz image.  Phase 2 included 25 patients, 4 were 
excluded, 3 due to image orientation issues and 1 due to no normal tissue being harvested 
as a reference (severe ulcerative colitis).  Inability to accurately orientate the histology, 
with the scanned image, lead to the development of the tissue vice described in detail in 
chapter 2. Thus in total tissue from 32 patients including 29 adenocarcinomas, 21 areas of 
dysplasia, 13 areas of reactive pathology (inflammation, hyperplasia) and 43 matched 
normal colonic mucosal samples were available for analysis.  The samples were cut to be 
approximately 1cm2 to allow a pair of “normal” and “abnormal” samples to be imaged on 
the imaging window simultaneously.  The whole window was then removed with the 
back plate in place and submersed in 10% formalin solution. 
 
5.3.2 Image Acquisition 
All colon samples were imaged with the TPI scanner as detailed in Chapter 2. The 
imaging was performed in collaboration with the Caroline Reid at department of radiation 
physics at University College London.  Briefly the system scanned an area 20 x 20mm in 
the frequency range 0.1-3 Thz. The terahertz optics were raster scanned in the xy plane to 
record the full image data set.   The colonic specimens were placed on the quartz window 
after dabbing dry with a gauze swab.  The tissue was placed mucosal surface down.  The 
back plate of the tissue holding device was applied to the visceral surface of the colonic 
samples and was held in place with four wing nuts each tightened 1 half turn after first 
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approximating the back plate to the tissue. A web cam photograph was the taken from a 
webcam installed behind the quartz imaging window to further facilitate image 
orientation.  Each scan consisted of 200 000 pixels and took approximately 10 minutes to 
perform. 
 
 
(a)      (b) 
  
 
Figure 5.1 (a) A webcam image of a sample being scanned (left) and (b) the corresponding 
terahertz scan (right) 
 
 
 
5.3.3 Data Processing 
The raw terahertz wave forms are processed using a double Gaussian filter function to 
remove high and low frequency noise and the ScanAlyse software normalises the pulses 
to the reference by deconvolving the system response which allows better comparison of 
the spectra among different tissue samples.[Mittelman D,1997; Cole B,2001] The 
software allows the user to select regions of interest (ROI) within an image and one can 
either find the mean and standard deviation of the pixels within the ROI or average all the 
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waveforms in the area. There are several functions of a terahertz impulse that have been 
used to demonstrate differences in biologic samples.[Fitzgerald A,2006; Wallace 
V,2006].  These are: 
1. Emin: Minimum value of THz pulse  
2. –1Emin/Emax  
3. A(t)/Emin: Normalised amplitude at t = 0.33 ps prior to Emin time.  
4. A(t)/Emin: Normalised amplitude at t = 2 ps after Emin time  
5. Integral of values in THz pulse from 0.33 ps before Emin time to 2 ps after.  
6. P(f): Power in spectrum at f = 0.6 THz  
7. Integral of power spectrum over freq range 0.44 - 0.60 THz.  
8. Full width half maximum (FWHM)  
9. Emax - Emin  
 
 
For the water referenced data are:  
 
1. Emax: Maximum value of THz pulse  
2. A(t): Amplitude of pulse at time t = ...0.26 ps prior to Emax time.  
3. A(t): Amplitude of pulse at time t = ...0.26 ps after Emax time  
4. Integral in THz pulse from 0.26 ps before Emax time to 0.26 ps after.  
5. P(f): Power in spectrum at f = ... 0.6 THz  
6. Integral of power spectrum over freq range 0.44 - 0.60 THz  
7. Log of Integrated power  
8. Full width half maximum (FWHM)  
 
For all cases, ROIs were marked out in the tumour and normal tissue regions as 
identified in the webcam photo (see Figure 5.2b). The average waveforms were 
calculated for these ROI and compared for each case. 
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(a) 
 
           
(b) 
 
         
 
 
(a): Regions of interest marked on an unenhanced 
terahertz scan. Blue = normal, green= dysplasia, 
red= cancer. 
(b): The histopathology has been marked on a 
webcam photo, horizontal lines show where blocks 
were cut. 
(c): Average wave forms for the ROIs 
 
 
(c) 
 
 
 
Figure 5.2  Images to show the selection of ROIs and the average wave forms returned 
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5.3.4 Statistical analysis 
The use of nonparametric diagnostic algorithms based on peak ratios, peak intensities and 
spectral bandwidths has been described extensively in the literature.[Mahdevan-Jansen, 
1996&1998; Huang 2203; The S, 2008] The parameters listed above were assessed 
individually for tissue classification and the mean values for ROIs from normal and 
diseased tissues were compared using a t-test assuming unequal variance. Assessment of 
diagnostic sensitivity and specificity assumed that histopathology was the ‘gold 
standard’.  
 
 
5.3.5 Multivariate analysis 
The full data set was considered for the purpose of attempting to discriminate between 
normal tissue, dysplastic tissue and adenocarcinoma.  Several techniques were employed 
to attempt to reduce the dataset whilst retaining variables that provide the best 
classification.  Principal component analysis was performed on ROIs selected for being 
high quality images with low artefact and system noise. Due to memory constraints, the 
PCA was applied to every 2nd pulse in the sample set. To confirm the PCAs were 
consistent with applying the method to the full dataset, the first 10 PCs were compared 
using every 5th point, 3rd, point and alternate 2nd point. To calculate a value useful for 
classification, the first 10 PCs were matrix multiplied with the extracted pulses for each 
ROI. The values for each ROI were then averaged together and the standard deviation 
calculated.  This gave a single mean value for each ROI, together with the standard 
deviation that could be used for classification.  The parameters selected for classification 
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were then plotted to check for correlation as high degrees of correlation between 
variables can reduce the statistical significance of group membership. The data were 
standardised around zero ensuring that the standard deviation was one.  Mean centring 
ensures that the data form an orthogonal basis.[Lachenbruch, 1968;Devore,1992]  The 
standardised principal component scores were subjected to analysis using an unpaired 
student t-test to identify those pcs that were most diagnostically significant.   
The tissue samples were considered in two groups, benign and malignant.  Binary logistic 
regression analysis was performed taking into account the nested hierarchical nature of 
the data (normal and abnormal tissue coming from the same patient). The performance of 
the diagnostic regression model was estimated in an unbiased manner using the leave one 
sample out cross validation method.[Lachenbruch,1968;Dillon, 1984] In this method one 
sample was held back and the model was rerun to see if the missing sample could be 
classified correctly.  This was repeated for every sample in the dataset.  
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5.4 Results 
The data from individual parameters showed that in many of the tissue sample pairs there 
was statistical significance between benign and neoplastic sample means for several but 
not all of the previously defined terahertz parameters.  This is demonstrated graphically 
in the bar chart below (Figure 5.3). 
 
 
 
Figure 5.3 TPI of normal versus neoplastic paired tissue samples 
 
 
Figure 5.3: The graph shows normal samples in green and neoplastic in red.  The y-axis 
is an arbitrary function of the terahertz pulse. Individual cases are represented along the 
x-axis.  The error bars are 1.96 x Std Error. 
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5.5 Principal Components  
 
The PCA determines axes along which the variance is the greatest. This may be due to 
noise, or due to variations across patient groups, as well as between normal and tumour 
pulses. For this reason it would not be expected that every PC will be useful for 
classification purposes, since some of them will be dominated by noise, and inter-sample 
variations. The differences due to the variation between tumour and normal tissue, might 
be expected to be similar to the difference of the average normal and tumour waveforms. 
Figure 5.4 is a plot of the first 10 PCs — Figure 5.4(a) shows the first 8 PCs and Figure 
5.4(b) PCs 9 and 10. 
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Figure 5.4 (a) 
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Figure 5.4 (b) 
 
 
Figure 5.4  The first 10 principal components for the colon dataset 
 
 
 
 
The standardised average pulses were also calculated for the normal and tumour 
waveforms separately for stage 1-1 and stage 1-2, and the combined averages (Figure 
5.5). The difference of the combined normal and tumour averages (stage 1-1 and stage1-2 
combined) was compared to the PC1 and shown to have a similar profile (Figure 5.6). 
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Figure 5.5  Average waveforms for the stage 1-1 and stage 1-2 datasets and  
the combined averages 
 
 
 
 
 
                              
 
Figure 5.6  Comparison of the difference of the averaged normal and tumour 
waveforms with the first principal component 
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The main PC and the difference of the normal and tumour average waveforms are 
similar, suggesting there is a strong influence of the variation between normal and tumour 
contributing to the PCA. 
The t-test performed on the first ten principle components suggested PCs 2,3,5,9 
and 10 to be most diagnostically significant.(Table 5.2)  The first four of these PCs were 
then entered into the logistic regression model and were found to have a reasonable fit 
with a pseudo R-squared value of 0.798 (Nagelkerke).  The Hosmer and Lemeshow 
statistic was non-significant p=0.46 indicating that there is not enough evidence to show 
a lack of fit of the model. 
The model predicted an overall diagnostic accuracy of 92.3% (see Table 5.1 
below). 
 
 
Table 5.1 Diagnostic accuracy of TPI of the colon 
Classification Tablea 
 
Observed 
Predicted 
 PathBinary 
Percentage Correct  0 1 
Step 1 PathBinary 0 32 1 97.0 
1 4 28 87.5 
Overall Percentage   92.3 
a. The cut value is .500 
 
 
This model was tested using the leave one sample out cross validation 
method.[Lachenbruch,1968;Dillon, 1984]  The model categorised the left out sample 
correctly 29/32 (90.6%) for the neoplastic samples and 32/33 (97%) for the normal 
samples. 
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Table 5.2 T-test on the first 10 principle components 
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5.6 Discussion 
Currently the gold standard for endoscopic tissue diagnosis remains biopsy and 
histopathological observation by a pathologist.  There are several optical techniques 
entering every day use that may challenge the exclusivity of tissue biopsy.  Narrow band 
imaging and chromoendoscopy are the most prevalent optical techniques for diagnosing 
dysplastic colon tissue from normal mucosa.  They have been shown to be similar in 
diagnostic precision with sensitivities of 0.95 for chromoendoscopy and 0.93 for NBI, 
specificities over 80% and both techniques giving an area under the ROC curve of 0.95.  
In this early ex vivo study in terahertz imaging of the colon it was possible to 
demonstrate significant differences in spectra from benign and neoplastic colonic 
mucosa.  The exact mechanisms for these spectral differences remains undefined.   
To further understand the mechanism for differentiation of terahertz images of 
colonic tissue it would be necessary to define the terahertz spectra for characteristic 
components of colonic tissue in order to model a normal colon.  The larger spatial 
resolution of terahertz light compared with visible and infrared light suggests that the 
contrast mechanism is likely to be on a tissue level rather than a subcellular level and 
therefore further characterisation of tissue heterogeneity in the samples imaged in this 
study is indicated to attempt to identify a predictable variation on a tissue level that may 
explain the observed results.  There are many weaknesses to this initial invitro study.  
The sample size used for the analysis was not very large.  The variability we have been 
able to demonstrate may not remain with a much larger sample size and needs to be 
repeated in other experiments.  The heterogeneity of neoplastic tissues was not addressed. 
Larger sample sizes would be needed to assess any differences between tumour 
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differentiation and imaging results.  Variability within individual tumours may also be 
important and ideally many samples would be taken from an individual tumour to assess 
any internal variability.  The ethical approval for this study and the fact that most tumours 
are not large limited the ability to do that in this analysis.  The spatial resolution for 
terahertz radiation means that target discrimination is achievable only on a multicellular 
level and not on a cellular level.  Although a histological diagnosis of invasive carcinoma 
is also multicellular the spatial resolution of white light microscopy allows for subcellular 
examination and as this technique cannot resolve to the same detail this creates the 
concern that in some way it must provide less or inferior information as a result. Given 
this limitation it is even more important that a pathological basis for target discrimination 
is identified so that confidence in the technique to achieve a reasonable sensitivity and 
specificity is based on repeatable and predictable pathophysiological changes.  The 
current study was a first attempt at using terahertz radiation for interrogating colon tissue.  
The technique is very slow taking 20 mins for a scan and the scanning technology is 
subject to variation based on environmental changes and movement of the scanner. 
Clearly to be of benefit in a clinical setting the speed, reliability and robustness of the 
technology would all need to be vastly improved from the current technology.  
Environmental variations were controlled for in these experiments by initialising new 
reference data for the machine before every analysis. This increased the time to analyse a 
single patients data to around 2 hours depending on the number of samples.  The 
movement sensitivity was overcome by placing the machine in a dedicated room within 
the pathology lab so that minimal tissue handling needed to occur and that the machine 
would not be disturbed during readings.  The quartz imaging window was also a 
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hindrance to imaging biological tissues. The large size relative to the contours of the 
tissue means that there is the liability for artefactual damage to the imaging target through 
crushing in the tissue holder. Conversely inadequate proximity to the scanning window of 
any topographical variations in the imaging target would cause anomalous air or fluid 
gaps which may result in anomalous readings.  Attempts to control for these were made 
in the experiment by using uniform pressure of the tissue press and by using a webcam to 
identify large bubbles so that these could be avoided when selecting regions of interest. 
However on a smaller scale both issues must still exist and the effect they have on 
imaging quality remains un-quantified.   
Future studies are needed to look at several aspects of these experiments.  Larger 
scale studies to assess the repeatability of the results obtained. Imaging more sections of 
individual cancers to look at variability within individuals. Adapting the technology to 
achieve faster scans possibly over much smaller areas would make the technology more 
directly relevant to the clinical application and would also allow the study of smaller 
lesions such as polyps where the clinical need actually lies.  This improvement would 
also allow for ethical considerations as polyps could be imaged whole immediately prior 
to fixation and usual histological examination without the need to interfere materially 
with normal clinical procedures.  
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Chapter 6 
 
Tissue microvariability - The effect of disease on the relative 
components of colonic tissue  
 
 
 
 
6.1 Background 
 
TPI has demonstrated an ability to discriminate neoplastic from benign colorectal 
specimens.  However the spatial resolution of the technique is poor. In the horizontal axis 
0.2mm resolution is returned at wavelengths necessary for penetration of the mucosal 
layer.  As TPI cannot be detecting the nuclear variation that is the hallmark of the 
histological diagnosis of dysplasia, a study of the physical characteristics of specimens 
was undertaken.   As relatively small changes in water content have a proportionately 
larger effect on TPI the focus of the experiment was on tissue factors likely to alter water 
content.  It is not possible to examine fixed specimens for water content and therefore 
inferential measures were used. 
 
 
 
6.2 Aim 
 
The aim was to attempt to identify whether relative changes in properties of tissue may 
correlate with the differences in terahertz measurements between pathologies.  
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6.3 Methods 
General methods are given in section 2.2.1.   
Six stains were chosen for study.(Table 6.1)  The stains highlight vascular and 
lymphatic endothelium, mucin, collagen connective tissue, proteoglycans found in extra 
cellular matrix and tumour cells. 
Platelet Endothelial Cell Adhesion Molecule (CD31) highlights the endothelium of 
small vessels and identifies regions of increased vascularisation. Neovascularisation is 
associated with tumourgenesis as tumour growth is limited by oxygen and nutrient 
delivery. The capillary network associated with this process has been noted to be leaky 
compared with nontumour related structures.(Alarcon et al. 2005). 
Hematoxylin counterstain (D240) is used to identify the extent of the lymphatic 
systems in the samples. In contrast to the development of tumour vascularisation, the 
development of a tumour creates no increase in lymphatic vessel density. A reduction in 
lymphatic density in comparison to normal tissue has been described. The hypothesis 
being that lymphatics are replaced by actively growing tumour cells (Beamon et al. 
2005). 
Cytokeratins are structural proteins associated with epithelial tissues. Anti-
Cytokeratin (CAM 5.2) is a monoclonal antibody that has a liscence for staining 
undifferentiated carcinomas from most epithelial cell lines. Its antigen is cytokeratin 7 
and 8 which are present on secretory epithelia of normal human tissue.(Moll et al. 1982, 
Makin et al. 1984).  
Diastase resistant periodic acid Schiff (DPAS) was used to identify α1 antitrypsin 
content, a protein made in the liver which neutralises protein-destroying enzymes. 
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Human colorectal carcinoma cells synthesise α1 antitrypsin and its incidence is higher in 
advanced adenocarcinomas than in early ones (Tahara et al. 1984, Karashima et al. 1990, 
Zelvyte et al. 2004).  
Masson’s trichrome and sirius red are two stains used to identify the collagen 
content of tissues. As tumours are hypercellular, the overall collagen content and is 
reduced. The cultivation of human colon cancer cells with fibroblasts decreases the 
amount of collagen produced. Fibroblasts from a carcinoma region exhibited a 2-fold 
increase in non-collagen protein synthesis as well as a decreased collagen secretion when 
compared to fibroblasts from non-affected colon regions (Liotta 1986, Boyd et al. 1989, 
Turnay et al. 1989, Bouziges et al. 1991).   
Twelve cases were identified for staining using imunohistochemical stains.  The 
cases were chose on the basis of uniformity of pathological diagnosis of the section. 
The stains chosen are shown in Table 6.1 (below). 
Table 6.1 Immunohistochemical stains 
Stain Identifies Relevance 
CD31 endothelial cells vascularity of the tissue 
D240 lymphocyte endothelial cells lymphatics 
Cam 5.2 tumour cells relative cellularity 
diasterase/ periodic acid schiff mucin mucus 
sirius red collagen fibrosis 
masson's trichrome proteoglycans extracellular matrix 
 The slides were scanned using an Applied Imaging Corp Ariol high throughput 
automated image analysis system. The images obtained were analysed using the NIS-
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Elements Basic Research package.  The original slides were also examined with the same 
software using an Olympus BX50 microscope and a Nikon DS-2Mv camera. 
The scanned slides were examined in entirety whilst for the manually analysed 
slides regions of interest for the pathology concerned were identified. Five “hotspots” 
were identified and analysed for each slide. 
 
6.3.1 Statistical analysis 
The results were compared using a one way ANOVA and a paired samples T-test. 
 
 
 
6.4 Results 
For the scanned images the only correlation observed was for D240 where the average 
percentage density of lymphatics was shown to increase from 9.3% for normal tissue, to 
12.1% for dysplastic to 14.3 % for cancer — as shown in Figure 6.1 (page 134). The 
other stains did not reveal any uniform differences between the pathology groups. 
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Figure 6.1 A graph to show the percentage stain for different tissue groups 
 
 
A one way ANOVA was performed to compare the three groups (cancer, 
dysplasia and normal tissue) and there was no significant difference, p=0.47. 
Cancer cases were compared with normal cases for all stains and a two tailed  
t-test was performed for the paired sample data. The results below show that there were 
no significant differences between slides reported as cancer or normal for these stains. 
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Table 6.2 Paired samples t-test results for each stain when comparing normal with 
cancerous tissue 
 
  Paired Differences t 
d
f 
Sig. (2-
tailed) 
  Mean 
Std. 
Deviatio
n 
Std. 
Error 
Mean 
95% Confidence 
Interval of the 
Difference       
        Lower Upper       
Pair 1 d240c - d240n 3.62 17.30 6.12 -10.85 18.08 .591 7 .573 
Pair 2 cd31c - cd31n -0.86 8.37 2.96 -7.86 6.14 -.289 7 .781 
Pair 3 cam5.2c - cam5.2n 1.08 10.83 3.83 -7.98 10.14 .282 7 .786 
Pair 4 dpasc - dpasn 2.26 14.35 5.07 -9.73 14.26 .446 7 .669 
Pair 5 mtc - mtn -10.29 20.20 7.14 -27.17 6.60 -1.441 7 .193 
Pair 6 src - srn -14.32 31.46 11.12 -40.63 11.98 -1.288 7 .239 
 
 
6.4.1 Hotspot technique 
 
The manually examined slides revealed a more pronounced difference.  The average data 
from regions of pathology showed an increase in vascularity from normal through 
dysplasia to cancer.  This is in keeping with previously published data.  The lymphatic 
data also showed a more pronounced difference when hotspots were analysed.  The 
average %age of lymphatics remained 14% cancer , 12% dysplasia but fell to 3.5% for 
normal. 
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Table 6.3 ANOVA to compare statistics between the three groups (normal, cancer 
and dysplasia) for lymphatic and vascular markers 
 
  
Sum of 
Squares df 
Mean 
Square F Sig. 
cd31 Between 
Groups 3019.356 2 1509.678 17.379 .000 
  Within Groups 1303.022 15 86.868     
  Total 4322.378 17       
d240 Between 
Groups 390.833 2 195.417 18.517 .000 
  Within Groups 158.304 15 10.554     
  Total 549.137 17       
 
 
 
 
 
 
 
  
 
Figure 6.2  Scanned Image 
A slide for case d11 showing 
normal muosa. Stained for 
lymphatic endothelial cells with 
d240.  
On the left at 40x magnification 
and on the right after 
classification with the image 
analysis software. 
The corresponding slide for 
case d11 showing 
adenocarcinoma.  Stained with 
d240.   
On the left at 40x magnification 
and the right classified by the 
image analysis software. 
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6.5 Discussion 
 
The immunohistochemistry has demonstrated heterogeneity of each of the stains between 
patients and samples in each diagnostic classification.  The most obvious weakness in this 
study is the limit of stains and the limit of sample size.  This experiment was focused by 
experience using white light microscopy and our understanding of physical 
histopathological differences between neoplasia and normal tissue.  Even within normal 
tissue there is a vast amount of heterogeneity and our small sample size was inadequate 
to address this.  
White light is fundamentally different from Thz radiation in the way it interacts 
with tissue.  Visible light spectra do not exhibit the same interactions with covalently 
bonded structures and do not suffer the same degree of absorption by water as Thz 
spectra. It is perfectly possible that if TPI can accurately discriminate between neoplasia 
and normal colonic mucosa that the discrimination will lie elsewhere than with white 
light techniques. Having said that, there were some correlations between neoplastic and 
dysplastic tissue and neovascularisation in these samples. Neovascularisation would 
greatly influence blood and therefore water content and that was the hypothesis 
underlying the choice of stains studied.   
A further weakness in this experiment derives from the use of the pattern 
recognition software.  The hypothesis being that TPI is using a computer generated model 
to make a diagnosis so to avoid potential bias histology should also use a computer 
generated model.  Both techniques currently require careful selection of areas of interest 
to avoid all manner of influences either from artifact or unrepresentative areas of 
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tissue.  The bias therefore is not fully addressed.    
Pattern recognition software has been investigated for colorectal cancer 
histological diagnosis. (Kalkan 2012) Analysing homogeneous tumours such as 
malignant melanoma has yielded some promising early results(Webster 2011) More 
heterogeneous tissues such as colorectal cancers have proved more challenging but 
sensitivities of 79% have been reported. The pattern recognition software in these 
experiments benefited from manual selection of most obvious and homogeneous 
abnormal areas which is in keeping with previous findings. Given the lack of any 
homogeneity in the tissues analysed using the stains and the image recognition software 
there is no new information provided by this experiment to help identify a potential 
contrast mechanism for computer assisted optical biopsy.  The correlations seen in these 
experiments may prove to be the source of TPI discrimination however definitive proof is 
yet to be found.  To better understand the TPI contrast mechanism it would be necessary 
to physically model the colon from a Terahertz perspective so that the behaviour of a 
terahertz wave form in colonic tissue could be predicted.  The spatial resolution of 
terahertz radiation is around 10 micro meters using the current technology. There have 
been reports of nanometer resolution terahertz scanning but the image acquisition time is 
increased to several hours.(Blanchard 2011) 
When specimens were considered at a macroscopic level there were no statistical 
differences between the pathologies in terms of the relative density of stains.  As the 
functional resolution of TPI in the colon is so large it is highly likely that the technique is 
detecting a physical change in the tissue that was not highlighted by the stains rather than 
a morphological cellular difference.  TPI can be predicted to have a tissue penetration of 
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about 250 microns over the frequency range 0.2 to 2 Thz,  this falls within the same range 
as visible light. (Wang 2004) The actual penetration would depend on the water content 
of the tissue with drier tissues returning greater penetration depths.  In colonic tissue the 
submucosa is approximately 2mm deep which also adds to the hypothesis that any TPI 
diagnosis of malignancy would be based on tissue morphology, as in NBI and Kudo pit 
pattern analysis, rather than on cellular differences and invasion as with histology.  
The degree of contrast has been established for many other optical biopsy 
technologies but not yet for TPI.  We have been able to show previously that there is a 
difference in Thz spectra between whole blood, blood components and thrombus.  These 
types of differences provide the contrast that would allow for confident tissue diagnoses. 
To have a sound physiological or pathological basis for tissue differentiation using a 
computerised model it is essential that the contrast medium that allows such a model 
discriminative power be well understood.   
We have been unable to identify the exact mechanism of differentiation using the 
stains we selected.  Further research needs to focus on differential terahertz spectra for 
different types of homogenous cells and tissues.  Once Thz spectra are well understood 
for the different tissue subtypes in a more complex structure only then would it be 
possible to fully understand the discriminative potential of TPI. Information on tissue 
penetration, axial and trans-axial resolution, as well as the degree of contrast in 
homogeneous tissue cultures, would provide valuable information over and above just 
repeating the current study with a larger data set.  Working from the bottom up by 
understanding the Thz properties of tissue components rather than the top down by 
guessing the most likely areas of difference based on tumour biology and white light 
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microscopy is essential to provide a scientific basis for this technique.  The usefulness in 
real world settings though would seem to be limited heavily by the overwhelming effect 
of water on the TPI. Naturally ‘wet’ tissues would most likely always be subject to 
potential random variation in images based on nothing more than differing water 
content.  Less hydrated tissues such as keratinised skin may prove to be easier to image. 
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Chapter 7 
 
Conclusion 
 
 
 
There is a clinical need for improvements in current technology associated with 
endoscopic diagnosis and detection of colonic pathology.  Endoscopy is an increasingly 
prevalent test and the role out of the bowel scope screening program expects to generate 
an additional 80 000 endoscopies in the UK annually.  It is estimated that up to 900 000 
lower GI endoscopic procedures happen in the UK per year.  The polyp detection rate 
maybe as high as 25% [cooper GS 2005].  Therefore the histology costs in processing 
biopsies is an increasing financial burden.  The quest for instant pathological diagnosis 
through optical biopsy techniques is well underway.  If an average histology cost is taken 
at £100 then histology costs associated with lower GI endoscopy alone may be estimated 
at over 20 million pounds per year in the NHS .   
This study assessed the need for further improvements in optical adjuncts for 
colonoscopy using a diagnostic precision analysis of the two most widely used current 
techniques for endoscopic optical biopsy.  Terahertz time domain spectroscopy of colonic 
mucosa was assessed in vitro as a possible new adjunct, ultimately for endoscopic tissue 
identification or optical biopsy. 
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7.1 Main findings 
• Narrow band imaging and dye spraying chromoendoscopy have a less than 80% 
specificity for characterising adenomatous lesions of the colon.   
• The specificity of both techniques were excellent at around 95%.  
• Terahertz imaging is greatly effected by blood, blood clots, mucus, faeces and 
water. 
• The more water dense the pollutant the greater the effect on the imaging 
capability.  
• Under controlled conditions THz imaging is sensitive to differences in colonic 
tissue. 
• Statistical analysis of the colonic images showed an 82% sensitivity and a 77% 
specificity of THz imaging to differentiate between diseased and healthy tissue. 
• Tissue staining showed an increased in lymphatics in the abnormal tissue 
compared with the normal colonic tissue.  
• There was no observed differences in relative cellularity, extracellular matrix, 
collagen, mucin or vascularity 
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7.2 Strengths of the study 
 
The diagnostic precision analysis addressed quality of the included studies and attempted 
to control for study heterogeneity.  The modalities examined are relevant and used widely 
in vivo. The combined sample size of over 12 000 patients makes the data likely to be 
extremely robust. 
The terahertz studies were the first to examine the THz properties of colon and 
related biological materials, blood, mucus and faeces.  The methodology has been 
previously tested and peer reviewed. [Fitzgerald AJ 2006]  The biofluids examined had 
very homogeneous Thz spectra suggesting that the data would be easily reproducible.  All 
the colonic samples were scanned as paired samples to provide an internal control and 
reduce the risk of introducing heterogeneity or selection bias.  
The tissue staining study was targeted at the tissue variation most likely to cause 
contrast between tissue types based on the physical properties of THz light. 
 
 
 
7.3 Limitations 
 
The meta-analysis was most limited by the significant heterogeneity between the studies.  
This was not possible to control for on subgroup analysis except looking at NBI alone.  
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The heterogeneity calls into question how valid the conclusions are.  However the 
analysis has subsequently been repeated and similar conclusions have been reached. 
[Jang HW 2014]  As with all meta-analyses the main limitation is that the data have been 
collected in a disparate manner with slightly differing aims.  Therefore the analysis is 
only able to comment on what has been published and not on all the areas one might be 
interested in.  Specifically the analysis was only able to address the diagnostic accuracy 
for the lesions published.  There was no subset analysis possible to address dysplasia not 
arising in adenomas, seated lesions, or differences between large and small polyps.  Most 
studies reported data for small (diminutive) polyps but there was no standard definition. 
Diminutive polyps remain the area of maximum interest in the quest of an excise and 
discard policy.  
The effect of water and water rich substrates on THz imaging renders the 
modality ineffective if the tissue being analysed is contaminated by relatively little water, 
faeces, blood or mucus.  TPI is absorbed by 250 microns thickness of water. Mucus and 
faeces were both found to be very similar to water in terms of absorbance spectra.  This 
would have significant impact on the ability to perform experiments in vivo but did not 
seem to prevent image acquisition in the lab setting. 
Although the analysis included 99 samples they were from only 37 patients.  It is 
possible that this will have introduced a sampling bias and that the effects observed may 
not be reproducible across a larger patient population. As the tissue being studied was 
primarily for histopathologic diagnosis and staging of patients cancer the small samples 
taken for this analysis may not have been representative of whole tumours or smaller 
dysplastic lesions.  The need to excise a small section of a larger specimen may have also 
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introduced a selection bias as the lesions were cut by a pathologist involved in the 
analysis.  The scanning process was typically more than 20 minutes per scan and tissue 
from single patient was scanned in usually three separate scans.  Therefore the tissue 
scanned last had time to dehydrate further than the first scan creating potential 
differences in results.  Although this was controlled for by keeping the tissue in a sealed 
pot this was not written into the protocol and therefore may have been subject to 
variation. 
The sensitivity of 82% and specificity of 77% of THz imaging of discriminating 
normal from abnormal colon tissue is not as high as existing modalities. It was also not 
possible to achieve using a single or even 2 of the principle components. This suggests 
that the model may not be very robust. There was no formal power calculation as to the 
sample size that would be necessary to adequately power the findings.  This was because 
this was a pilot study and there was no understanding of wether TPI would be able to 
image mucosal surfaces. 
The tissue analysis did not significantly identify a difference between the normal 
and abnormal tissue types that could provide a biological basis for the observed 
differences in THz images.  The stains that were picked for study were all picked on the 
basis that any contrast medium would be most likely to be based on water differences in 
the tissues being studied.  Thz spectra of various tissues and tissue subsets have not been 
characterised. Rather than guessing the results and working backwards, it would be more 
robust to develop a model for tissue contrast based on an understanding of relative 
differences of Thz spectra for different cellular and tissue structures. 
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7.4 Future studies 
Terahertz imaging has been used in only limited capacity previously in human biological 
research and this project undertook the first measurements reported of biological fluids 
and variables likely to be encountered in the colon.  The post hoc analysis of the data 
returned from terahertz scanning different colonic tissues was able to identify variables 
that allowed for differentiation between histologically normal and abnormal colon tissue.  
It remains to be seen how reproducible the study will be by other investigators and 
perhaps more importantly how repeatable the study may be in vivo.  Although mucus, 
faeces and blood were found to absorb less terahertz radiation than water, it is already 
well understood that a thickness of 250microns of water on the surface of the substrate 
being examined is enough to prevent any significant terahertz discrimination of the 
subject tissue.  The usefulness of terahertz light as a diagnostic tool in colonoscopy 
would therefore be dependent on the ability to get a close contact with the subject tissue 
and ensure that this contact was as clean as possible from water or water rich media.  This 
is a substantial challenge in the context of a living colon.  If this can be overcome then a 
study combing THz imaging with another modality may provide a real benefit in terms of 
increasing the diagnostic precision.  It is more likely that TPI would be of use in imaging 
keratinised skin or mucus membranes that are more easily accessible such as in anal 
cancer. 
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Dear Professor Nave, 
I am completing  my MD(res) thesis at Imperial College London 
entitled Terahertz pulsed imaging of lower gastrointestinal 
mucosa: an in vitro study 
 
I seek your permission to reprint, in my thesis an extract from: 
hyperphysics. The extract to be reproduced is: the figure 
illustrating the interaction of radiation with matter. 
 
I would like to include the extract in my thesis which will be added 
to Spiral, Imperial's institutional repository 
http://spiral.imperial.ac.uk/ and made available to the public under 
a Creative Commons Attribution-NonCommercial-NoDerivs 
licence. 
 
If you are happy to grant me all the permissions requested, 
please return a signed copy of this letter. If you wish to grant only 
some of the permissions requested, please list these and then 
return. 
 
Yours sincerely, 
 
George Reese 
  
Permission granted for the use requested above: 
I confirm that I am the copyright holder of the extract above and 
hereby give permission to include it in your thesis which will be 
made available, via the internet, for non-commercial purposes 
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